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DEPOSITIONAL ENVIRONMENT OF THE ORDOVICIAN SUCCESSION 
IN THE MARATHON REGION, TEXAS' 


WILLIAM B. N. BERRY 
University of California, Berkeley, California 


ABSTRACT 


Graptolites occur primarily in limestones in the Ordovician succession in the Marathon region. 
Study of thin sections of these limestones reveals that most of them were lime muds; however, odlitic 
and bioclastic limestones also bear graptolites. 

Integration of the thin section study of the several rock types occurring in the Ordovician sequence 
with analysis of the associated sedimentary features enables recognition of four major environments. 
During the Early Ordovician mud was accumulating in the region. Local sectors of it were frequently 
exposed for brief periods; also, for a short time, small patch reefs flourished. In the early part of the 
Middle Ordovician strong currents swept the area and calcium carbonate odlites and aggregates 
formed. Aligned biserial graptolites and the direction of dip of the cross-laminae indicate that the last 
current to pass over the region came from the southwest. Then a tidal mud flat developed during the 
latter part of the Middle Ordovician. It was occasionally swept by currents bearing pelagic organisms. 
Aligned biserial graptolites again indicate that the direction from which the current came was south- 


west. Finally durin 


latest Middle Ordovician and all of the Late Ordovician the region was pre- 


dominantly accumulating lime mud under reducing conditions. 


INTRODUCTION 


While studying the Ordovician graptolite 
faunas of the Marathon region of Texas the 
nature of the rocks in which the graptolites 
were found posed an interesting environ- 
mental problem. The Marathon region 
graptolites consitutute the most extensive 
graptolite fauna to be described from lime- 
stones. Although shale and chert compose 
more than 60 percent of the Ordovician sec- 
tion, the limestones bear most of the grapto- 
lites and all of the better-preserved speci- 
mens. Because the classic conception is that 
graptolites occur in black shales, a detailed 
examination of the nature of these grapto- 
lite-bearing limestones was undertaken. 
Also, although petrographic studies of shelf- 
type or “‘shelly”’ limestones are well-known 
(Beales, 1956; Cloud and Barnes, 1948), 
similar work on graptolite-bearing or “‘geo- 
synclinal’” limestones has never been pub- 
lished. Thus this is the first report of in- 
vestigation of the latter limestones. To aid in 
the comprehension of the environments, the 
other rock types and the associated sedi- 
mentary features were also thoroughly 
treated. The limestone classification pro- 
»0sed by Folk (1957) (table 1) was found to 
ye readily usable in this study; the writer 


1 Manuscript received May 26, 1958. 


agrees fully with the genetic concepts in- 
herent in his treatment. 

Rock samples were taken from every 
lithologic type of importance exposed in the 
Ordovician succession. The exact strati- 
graphic position of all of the rock types was 
determined and care was taken to include 
specimens from all parts of the region. A 
total of 75 samples was studied—60 of them 
in thin section. Acetate peels were made of 
the others. All of the dolomites and dolo- 
mitic limestones were subjected to staining 
with hematoxylin and etching by hydro- 
chloric acid. 


GENERAL COMMENTS ON THE ORDOVICIAN 
STRATIGRAPHY 


A complete section of Ordovician rocks is 
exposed in the Marathon region. The better 
and more complete exposures are in the 
Marathon and Dagger Flat anticlinoria, 
which form the major part of the Marathon 
Uplift (fig. 1). 

South and southeast from these uplifts in 
the Old Jones Ranch (now Slaughter 
Ranch), Persimmon Gap, and Rough Creek 
areas, Ordovician rocks occur at the surface 
in the crests of faulted anticlines. Small 
remnants of Ordovician strata are exposed 
along the front of the Sierra Santiago which 
is on the west and southwest sides of the 
Marathon uplift. Also, good exposures of 
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TaBLe 1.—A classification of limestones (after Folk, 1957, p. P-25) 


Limestones, Partially Dolomitized Limestones 


>10% Allochemical (Transported) Constituents <10% Allochemical (Transported) 


Allochemical Rocks 


Constituents 
Microcrystalline Rocks 


Sparry calcite cement 
> Microcrystalline 
ooze matrix 


Microcrystalline ooze 
matrix >Sparry 
calcite cement 


<1% 
Allo- 


chems 


1-10% Allochems 


Intrasparrudite 
(ntrasparite 


> 25% 
Intra- 
clasts 


Intramicrudite 
Intramicrite 


Intraclasts: 
Intraclast-bearing 
Micrite 


Oosparrudite 
Oosparite 


>25% 
Oolites 


Oomicrudite 
Oomicrite 


Oolites: 
Oolite-bearing 
Micrite 


Biosparrudite 
Biosparite 


Biomicrudite 
Biomicrite 


Fossils: 
Fossiliferous micrite 


Biopelsparite 


<25% Intraclasts 


Biopelmicrite 


Pellets: 


Pelletiferous Micrite 


Pelsparite 


n 
~ 
° 
~ 
= 
= 


Pelmicrite 


Most Abundant Allochemical Constituent 


Ordovician rocks are found in the Solitario, 
a small dome fifty miles to the south-south- 
west. 

Although exposures are excellent, the 
Ordovician sequence was intensely folded 
and faulted so that complete stratigraphic 
sections of any formation are difficult to find. 
The exposures on the southeast limb of the 
Marathon anticlinorium are the least dis- 
turbed in the entire region. 

The Ordovician section is composed of 
relatively thick beds of shale and thinner 
beds of dark limestone and chert. Inter- 
calated with these beds are exotic boulders 
and lenses of conglomerate and sandstone. 
Graptolites, the most abundant fossils, may 
be found throughout the section. A few 
brachiopods, ostracods, trilobites, bryo- 
zoans, nautiloids, and sponges are also pres- 
ent. King (1931, 1937) mapped the Ordovi- 
cian succession in the Marathon Basin and 
divided it into five formations. In ascend- 


ing order the formations are: the Marathon 
Limestone, the Alsate Shale, the Fort Pena 
Formation, the Woods Hollow Shale, and 
the Maravillas Chert. The writer (in press) 
showed that the Alsate Shale is absent in the 
Solitario and Old Jones Ranch areas—its 
correlative being the Rodriquez Tank Sand- 
stone. As indicated above, graptolites are 
plentiful throughout the section—occurring 
most commonly in the limestones. The au- 
thor (in press and 1956) described the 
graptolite fauna, ascertained the ages of each 
of the formations, and recognized 15 zones 
based on graptolites. The Marathon Lime- 
stone is Early and earliest Middle Ordovi- 
cian in age. The Alsate Shale, Rodriquez 
Tank Sandstone and Fort Pena Formations 
are all early Middle Ordovician in age, and 
the Woods Hollow Shale is mid- Middl 

Ordovician. The age of the Maravillas Chert 
is late Middle Ordovician and Late Ordovi 

cian. 
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Fic. 1.—Index map of the Marathon region. 
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MARATHON LIMESTONE 
General Features 

The Marathon Limestone includes several 
limestone types, much black shale, many 
conglomerate lenses, and some lenses of sub- 
graywacke, chert, and dolomite. The forma- 
tion is divisible into three parts in the Mara- 
thon and Dagger Flat anticlinoria—the 
Monument Spring Dolomite Member and 
the beds above and below it. 

The beds below the Monument Spring 
Dolomite Member range between 530 and 
650 feet in thickness and are characterized 
by thick beds of black shale ard many 
thinner beds of fine-grained, cross-lami- 
nated, dark gray limestone. Some beds of 
slabby, sublithographic, dark gray limestone 
that weather to a characteristic medium 
blue-gray color are also present. Inter- 
bedded with these three more common rock 
types are many lenses, of flat limestone slab 
conglomerate, and calcareous subgraywacke, 
and a few lenses of silty, pelletoid limestone, 
fine calcirudite, and orthoquartzite. The con- 
glomerate lenses reach 10 to 15 inches in 
thickness and extend from a few feet to 
several yards along strike. The slabs within 
the conglomerate consist of thinly-lami- 
nated, cross-laminated, dark gray limestone 
and blue-gray weathering sublithographic 
limestone. They are elongate with maximum 
dimensions of 18 inches in length and 6 
inches in width, and lie subparallel to one an- 
other in a matrix of coarse-grained subgray- 
wacke. The subgraywacke lenses and the 
subgraywacke matrix of the conglomerate 
lenses are composed of small fragments of 
limestone, grains of quartz, plagioclase, 
glauconite, chert, and sericite with calcite 
cement. Many conglomerate lenses grade 
laterally into subgraywacke lenses. No 
graded bedding was observed in the sub- 
graywackes. 

Shale comprises about half of the lower 
part of the Marathon Limestone in the 
basin; in outcrops south of the basin the 
amount of shale increases greatly and sub- 
graywacke lenses become thicker and more 
numerous. In Old Jones Ranch and Solitario 
exposures, shale beds and subgraywacke and 
orthoquartzite lenses make up nearly two- 
thirds of the thickness. 

The Monument Spring Dolomite Member 
occurs about 550 to 650 feet above the base 
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of the Marathon Limestone and ranges from 
40 to 90 feet in thickness. It consists of oval 
lenses of fine-grained, gray dolomitic lime- 
stone aligned subparallel to each other and 
separated by shale and thin-bedded, cross- 
laminated, gray limestone. The weathered 
surface of the dolomitic limestone has a blue- 
gray and yellow mottled appearance. Where 
replacement by silica has occurred, it 
weathers a characteristic orange-brown. The 
individual lenses range in size from 10 feet 
long and 5 feet wide to 50 feet long and 25 
feet wide. Fossil fragments are common in 
them; there are vague algal structures, 
sponges of the type of Archeoscyphia, orthoid 
brachiopods, and cephalopods. The oval 
masses that characterize the Monument 
Spring Member were probably patch reefs 
constructed principally of algae and sponges. 
The member thins southward across the 
Marathon Basin and is not present in the 
Solitario and Old Jones Ranch areas. 

The beds above the Monument Spring 
Dolomite Member are about 250 feet thick 
and consist of dark-gray, blue-gray weather- 
ing, sublithographic limestone in beds 4 to 8 
inches thick interbedded with thinly-lami- 
nated cross-laminated, dark-gray, fine- 
grained limestone in beds 4 to 6 inches thick. 
Beds of black shale, buff argillaceous lime- 
stone, and lenses of flat-limestone-slab 
conglomerate, and subgraywacke are sub- 
ordinate rock types. To the south, in the Old 
Jones Ranch and Solitario exposures, the 
upper part of the Marathon Limestone in- 
cludes several beds of brown-weathering, 
arenaceous limestone, beds of orthoquartz- 
ite, and more shale beds than in the Mara- 
thon Basin. 

Several kinds of sedimentary features are 
present throughout the Marathon Lime- 
stone. The thin, buff, argillaceous limestone 
layers found sporadically throughout the 
upper part of the formation bear well- 
developed mud cracks. The weathered sur- 
faces of some of the limestone beds are 
thickly strewn with siliceous sponge spicules, 
whereas other limestone bedding surfaces 
bear minute channel markings and are over- 
lain by one-eighth to one-quarter inch 
layers of sandstone. Commonly such sand 
stone layers are crowded with worn, broke 
valves of inarticulate brachiopods. Stil 
other limestones are penetrated by smal 
tubes filled with comminuted material, per 
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haps left by a burrowing animal. A promi- 
nent feature of many of the limestone layers 
is the cross-lamination. A study of the direc- 
tion of dip of the cross-laminae in these beds 
indicates that the last current to pass over 
them came from the southwest. 


Microscopic Study 


Study of thin sections of the limestones 
which are included in the Marathon Lime- 
stone reveals that the dominant type is a 
micrite (plate 1, fig. 1). Most of the blue- 
gray-weathering, sublithographic limestone 
is a pure micrite, but some of it is a pelletoid 
micrite or pelmicrite. The pellets are well- 
rounded, fairly well-sorted, and fall within a 
size range of .04 to.12 mm in diameter. Com- 
monly, in this pelmicrite, finely crystalline 
(.01 to .05 mm in maximum dimension) 
sparry calcite encloses small areas of micrite. 
The patchy distribution of the sparry ce- 
ment, and the fact that bits of micrite are en- 
closed by sparry grains, suggests that the 
sparry material is recrystallized micrite. 
Most of these pelmicrites are minutely lami- 
nated. Figure 2 on plate 1 shows the pellets 
surrounded by micrite and some recrystal- 
lized micrite. 

The thinly-laminated, commonly cross- 
laminated, dark-gray limestone is also a 
pelmicrite. These pelmicrites commonly 
have minute laminae of pelsparite inter- 
laminated with the pelmicrite. Some of the 
sparry cement does not appear to be re- 
crystallized micrite but much of it is. Com- 
monly, during weathering the pelsparite or 
pelmicrosparite laminae have gone into solu- 
tion faster than the pelmicrite laminae, and 
as a result the cross-laminae are quite con- 
spicuous on the exposed surface. 

These kinds of limestones constitute more 
than 90 percent of that rock type in the 
Marathon Formation. Scattered throughout 
them are siliceous sponge spicules, a few 
calcispheres .04 to .06 mm in diameter, and 
very fine subangular sand size grains of 
quartz. Because their size is out of propor- 
tion to that of the enclosing lime mud, it is 
supposed that the quartz grains were prob- 
ably blown into the depositional site. Com- 
monly, these limestones have been partially 
dolomitized—up to approximately 10 per- 

Other limestone types are uncommon in 
he Marathon Limestone and are nearly all 
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restricted to the lower part of the formation. 
One type, in which trilobites and molluscs 
were found, is composed of fossiliferous bio- 
micrite pebbles in a sparry, calcitic matrix. 
Included in the pebbles are fragments of 
trilobites, spired gastropods, ostracods, 
brachiopods, echinodermal plates, sponge 
spicules, and algae. The sparry cement is 
very coarsely crystalline (1 to 3 mm in 
maximum dimension), and small stringers 
of chert are found in it. 

Another limestone type present in the 
lower part of the formation is a silty pel- 
micrite. In it many subangular, coarse silt- 
sized quartz grains, some chert, and a few 
plagioclase grains are scattered throughout 
pelletoid micrite. 

The pellets in the Marathon Limestone 
are probably faecal pellets—the product of 
burrowing organisms, possibly worms, which 
tunnelled through and ingested lime muds. 
Some of the micrites contain bits of brown 
phosphatic material. 

Dolomite and dolomitized limestones 
comprise the Monument Spring Dolomite 
Member. The fossil fauna of the member is 
different from that of the other parts of the 
Marathon Limestone. It includes cup- 
shaped sponges, algae, orthoid brachiopods, 
nautiloids, and gastropods. Blocks of the 
member were etched in hot hydrochloric 
acid and the resultant texture was studied. 
The dolomitic limestone portions dis- 
solved, leaving vugs and pockets in the un- 
dissolved portions of the blocks. A block that 
was so treated is illustrated on plate 2. The 
dolomite may well have been formed where 
highly magnesian algae once grew. The algae 
formed traps for the bioclastic debris, the 
material which is now only partially dolo- 
mitized. Thin section study of the dolomitic 
limestone shows it to bea lime mud or micrite 
with many fossil fragments scattered 
throughout. It is a partly dolomitized bio- 
micrite. The dolomite portion is finely 
cyrstalline and a few fossil fragments are 
scattered in it. 

The oval lenses of dolomite and dolomi- 
tized limestone that characterize the Monu- 
ment Spring Member were doubtless once 
small reef masses built up primarily of algae 
which acted as trappers and binders of 
organic fragments. The reef masses prob- 
ably resembled, in size and possibly in shape, 
small patch reefs found in the lagoons of 
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PLATE 2 


A block of Monument Springs Dolomite that has been etched in hydrochloric acid. The dark gray 
laminated areas are algal remains—now dolomites; the light gray areas are limestone and dolomitic 
limestone; and the darkest patches in the center of the light portions are silicified bioclastic debris. 


modern coral atolls. 

In addition to the limestones and shale, 
subgraywacke and flat-limestone-slab con- 
glomerate lenses are conspicuous rock types 
inthe Marathon Limestone. The conglomer- 
ates are composed of slabs of the typical 
micrites and pelmicrites which characterize 
the formation; lying in subparallel align- 
ment in a matrix of small pebbles of micrite, 
pelmicrite, and silty micrite, and of sub- 
angular grains of plagioclase, chert, and 
quartz. The conglomerates are of small 
lateral extent and some grade into pelmicrite 


or silty pelmicrite, whereas others grade into 
subgraywacke. The manner in which the 
slabs and pebbles formed is open to conjec- 
ture. Richter (1924, p. 163-164) reported flat 
pebbles accumulating in deep water, and 
van Straaten (1954, p. 38) found features in- 
distinguishable from mud cracks beneath a 
cover of water. Thus the formation and 
accumulation of flat pebbles subaqueously 
may be possible; however, it is doubtful that 
pebbles formed in such a manner would be 
of firmly cohesive material several inches 
thick. The most commonly accepted concept 


Fic. 1.—Marathon Limestone. Micrite. 


EXPLANATION OF PLATE 1. 


Fic. 2.—Marathon Limestone. Pelmicrite. The larger black objects are pellets and the larger white 
grains are quartz. Micrite surrounds the pellets, and the larger light areas are grains that commenced 


aggredational recrystallization. 


Fic. 3.—Marathon Limestone. Subgraywacke. Bits of micrite comprise most of this rock. 
Fic. 4.—Fort Pena Formation. Oélitic intrasparite. The odlites and intraclasts are cemented by 


medium crystalline sparry calcite cement. 
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of the origin of flat pebbles is that they 
formed as polygons between mud cracks dur- 
ing subaerial desiccation. The slabs and 
chips composing the conglomerates in the 
Marathon Limestone probably were formed 
in this manner when local sectors of the bot- 
tom were exposed. Then storm-generated 
waves or currents swept over the area, 
scoured the bottom, ripped up slabs and 
pebbles of partially consolidated limestone, 
and with very little net transport of the 
larger slabs dropped them back to the bot- 
tom. The quartz and plagioclase grains were 
possibly derived from some nearby source 
land which was eroded during the storm, the 
beach material going into suspension, and 
then (because of the decrease in competence 
of the transporting medium) being deposited 
with the limestone pieces. 

Subgraywacke lenses are numerous in the 
lower part of the Marathon limestone and 
are rare in the upper part. They are com- 
posed (plate 1, fig. 3) of subangular grains of 
quartz and plagioclase, glauconite and seri- 
cite grains, chert and limestone odlites, and 
many fragments of micrite and pelmicrite. 
Rock fragments are the most abundant com- 
ponents, comprising the major part of the 
rock. Quartz makes up 5 to 14 percent and 
plagioclase about 1 percent. A small amount 
(5 percent or less) of fine-grained calcitic 
matrix is present, but calcite cement fills 
most of the interstices. The subgraywacke 
lenses are poorly sorted and none displays 
graded bedding. They probably originated 
in the same manner as did the conglom- 
erates except that the currents were not 
strong enough to take up anything larger 
than coarse sand sized grains from the bot- 
tom. Possibly the increased quartz content 
made the currents less competent. 

Calcareous, fine-grained quartz sandstone 
is another rock type found in a few places in 
the Marathon Limestone. The quartz grains 
are subangular. A few plagioclase grains and 
occasional glauconite grains are present in 
this sandstone. 

Another rock type—this one found only in 
the lower part of the formation—is present. 
This type is a quartz rudite composed of two 
sizes of angular quartz grains. Most of the 
grains are about .4 mm in maximum dimen- 
sion, whereas other grains are 1 to 5 mm in 
maximum dimension. The grains are bound 
together by sparry calcite cement. 
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A study of the quartz grains from all parts 
of the formation indicates two different 
origins for them. Most of the grains have 
straight extinction, contain no inclusions, 
and probably are of plutonic formation. The 
other quartz grains have undulose extinc- 
tion and are made up of smaller individuals 
with sutured or crenulate boundaries be- 
tween them. These latter grains came from 
a metamorphic rock—possibly a gneiss. The 
presence of grains of sodic plagioclase in 
many parts of the formation adds credence 
to the postulation of a gneissic source for 
some of the quartz grains. 


Environment of Deposition 


From a consideration of the internal and 
external features displayed by the rocks 
grouped within the Marathon Limestone, a 
general picture of the environment may be 
obtained. The region was one of accumula- 
tion of mud—for a part of the time lime 
mud—and for nearly a similar length of 
time, clays. Predominantly clay deposition 
with varying admixtures of lime mud and 
quartz sand took place in the southern part 
of the Marathon region (Solitario and Old 
Jones Ranch areas) during nearly all of the 
time of deposition of the Marathon Lime- 
stone. In the northern part of the region 
(Marathon Basin), similar deposition took 
place during earliest Ordovician time. Then 
lime mud became the dominant material in 
the northern part of the region, and deposi- 
tion of it progressively increased in propor- 
tion to the clastic materials throughout the 
time of deposition of the formation. Burrow- 
ing organisms tunnelled through large areas 
of this region of mud accumulation, and 
from time to time currents from the south- 
west passed over the region and rolled faecal 
pellets into cross-laminae. Commonly local 
sectors of the bottom were exposed, dried, 
and desiccation cracks were formed leaving 
large polygons. After a relatively short pe- 
riod of exposure waves, perhaps storm 
generated waves, swept over these sectors, 
ripped up pebbles and slabs, and then 
dropped them back to the sea floor. 

The waters were undoubtedly kept turbid 
by frequent wave agitation; therefore organ- 
isms could dwell only in the surface layers. 
Thus, remains of pelagic organisms, grapto- 
lites and minute calcareous protistids, are 
the only forms of life found in the rocks. For 
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a short period during the middle part of the 
Early Ordovician time, the waters must not 
have been so turbid because algae grew, 
trapped sediment, and small reef mounds 
formed. The larvae of other benthonic 
organisms were attracted to the reefy area 
and flourished there. Later, wave action in- 
creased, the waters became more turbid, 
and sediment washed around and over the 
reefs, ending their development. 


ALSATE SHALE AND RODRIQUEZ 
TANK SANDSTONE 

After deposition of the micrites in the 
Marathon Basin, a period of clastic deposi- 
tion ensued. The water over the bottom re- 
mained stable, a reducing condition devel- 
oped, and the black muds, now comprising 
the Alsate Shale, accumulated. To the 
south, in the Old Jones Ranch and Solitario 
areas, an orthoquartzite was deposited at 
the same time that the Alsate Shale was 
laid down in the Marathon basin. The 
Rodriquez Tank Sandstone is composed of 
well-rounded, fairly well-sorted, fine-grained 
sand size quartz particles. Overgrowths 
formed on some of the quartz grains. Ex- 
tremely fine-grained chert is the cementing 
substance. The quartz appears to have been 
derived from a pre-existing sedimentary 
rock, although ultimately it probably orig- 
inated in a plutonic rock. 

Fauna! evidence indicates that the Alsate 
Shale and the Rodriquez Tank Sandstone 
were deposited in a comparatively short 
time. Then carbonate deposition again began 
in the Marathon region. 


FORT PENA FORMATION 


General Features 


The Fort Pena formation consists of 
purple chert in layers 2 to 6 inches thick, 
alternating with black shale in layers 4 to 24 
inches thick, brown-weathering, thinly- 
laminated, commonly cross-laminated, gray 
limestone in layers 4 to 18 inches thick, 
calcareous subgraywacke in layers 4 to 17 
inches thick, and limestone and chert pebble 
conglomerate in layers 3 to 10 inches thick. 
There is no rhythm to the alternations of 
rock types; one type extends for several 
yards along strike and then passes into an- 
other. 

The lithic character of the Fort Pena For- 
mation is remarkably uniform over its entire 
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outcrop in the Marathon basin. In the Old 
Jones Ranch and Solitario areas it includes 
thicker and more numerous shale and sand- 
stone beds. 

The dip of the current laminae indicates 
that the last current to pass over the cross- 
laminated limestone layers came from the 
southwest. Also several beds with biserial 
graptolites arranged with their long axes sub- 
parallel were found near the top of the for- 
mation. The proximal (narrow) ends of the 
rhabdosomes point S25W to S40W, indi- 
cating that the last current to pass over these 
rhabdosomes came from the southwest. 


Microscopic Character 


The majority of the limestones in the for- 
mation appear to be intrasparites (plate 1, 
fig. 4). Many of the particles composing the 
rock are pieces of penecontemporaneous, 
weakly consolidated calcium carbonate sedi- 
ments that were torn up and redeposited by 
strong currents; hence they are true intra- 
clasts. Some of the particles, however, ap- 
pear to have been formed by aggregation of 
minute calcium carbonate grains and are 
therefore pseudo-intraclasts according to 
Folk (1957). A better term for them might 
be lumps because they are like the lumps 
described by Illing (1954, p. 29-30). The 
intraclasts and lumps are well-rounded and 
well-sorted, the majority of them falling 
within a size range of .15 to .23 mm in 
maximum dimension. Many of the supposed 
intraclasts may actually be lumps in which 
the once-discrete grain aggregates have be- 
come highly compacted and so now appear 
to be intraclasts. A few of the intraclasts 
and lumps have been bored by algae (plate 
3, fig. 2). 

Most of the other limestones in the forma- 
tion are odsparites or odlitic intrasparites. 
All of the intrasparites have a few odlites in 
them and all gradations are present between 
intrasparites with a few odlites and odspar- 
ites with a few intraclasts. The odlites are 
identical in structure to those on the Ba- 
hama Banks described by Illing (1954, p. 
35-41). They are composed of two parts, an 
inner zone or nucleus and an outer zone of 
concentric layers. The nuclei commonly are 
sharply defined, but they may merge with 
the innermost concentric layer. They are 
composed of minute grains of calcium car- 
bonate and are structureless. The outer con- 


PLATE 3 


Fic. 1.—Fort Pena Formation. Cross-section of a sponge spicule that is part chert and part calcite. 
Fic. 2.—Fort Pena Formation. Algal borings in an intraclast. 

Fic. 3.—Fort Pena Formation. Sponge spicules, now calcite, in chert. 

Fic. 4.—Woods Hollow Shale. Ostracod valves cemented by finely crystalline calcite cement. 
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centric layers commonly display a faint 
radial structure. The odsparites, like the 
intrasparites, are well-sorted. Most of them 
fall within a size range of .35 to .55 mm in 
diameter. The cementing material of the 
intrasparite-odsparite group is medium to 
coarsely crystalline (.1 to 1 mm in maximum 
dimension) calcite. 

Sponge spicules, subangular fine sand-size 
quartz grains, ostracod and brachiopod valve 
fragments, chert odlites, and a few dolomite, 
glauconite, and plagioclase grains are scat- 
tered throughout the cement of the intra- 
sparite-odsparite clan. In some _ places, 
sponge spicules comprise 2 to 3 percent of 
the rock. All of the spicules have a central 
canal, as do all modern siliceous spicules 
(Cayeux, 1931, p. 391). Some of these 
spicules are now chert, some are part chert 
and part calcite (plate 3, fig. 1); but most 
are now composed of calcite. 

Another carbonate type, forming a minor 
part of the limestone in the formation, is a 
microsparite. This type is a micrite that has 
recrystallized so that now the individual 
grains are very finely crystalline calcite and 
are larger than those of micrite. Angular, 
fine sand-size quartz grains and sponge 
spicules are scattered throughout the micro- 
sparites. This limestone type passes literally 
into oélitic intrasparite and all gradations 
between the two kinds are present. 

The chert in the formation is thinly-lami- 
nated and is composed of a mat of radiating 
chalcedony fibers. Scattered through the 
chert are subangular, fine sand-size quartz 
grains, calcite grains, faecal pellets of re- 
worked calcareous siltstone, phosphatic bits, 
fragments, and hollow spicules, most of 
which are now calcite (plate 3, fig. 3). 

This chert was probably formed by re- 
placement of certain limestone beds, es- 
pecially those in which a high concentration 
of siliceous sponge spicules could locally 
supply relatively large amounts of silica. Be- 
cause phosphatic fragments and _ faecal 
pellets are conspicuous, these limestone beds 
may also have been ones in which an acidic 
environment was formed by the decomposi- 
tion of relatively large amounts of organic 
matter. If so, a hypothesis suggested by 
Fisher (in Newell and others, 1953, p. 163- 
166) for the origin of chert in the Delaware 
Basin may be invoked. The hypothesis fol- 
lows from the influence of pH on the solubil- 
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ity of silica and calcium carbonate in water. 
Correns (1950) showed these are diametri- 
cally opposed, so that decrease in pH results 
in depression of the saturation point of silica 
and a corresponding elevation of the satura- 
tion point of calcium carbonate. During 
diagenesis, as a consequence of pH differ- 
ences in the limestone beds, silica would be 
dissolved from the siliceous spicules outside 
an acidic environment and _ precipitated 
within it, while calcite would be dissolved 
within an acidic environment and precipi- 
tated outside of it. 

The subgraywacke and _ conglomerate 
lenses in the formation are composed of 
chips of shale and limestone and many 
smaller intraclasts; these are set in a matrix 
of microsparite (recrystallized micrite). Sub- 
angular, fine sand-size grains of quartz and 
feldspar, glauconite grains, and valve frag- 
ments of ostracods and brachiopods are 
scattered through the matrix. These rocks 
probably originated during storm periods 
when wave action was strong enough to rip 
up pieces of more strongly consolidated sedi- 
ment as well as weakly aggregated material. 

The quartz grains present in all parts of 
the formation had either a metamorphic ori- 
gin or an igneous one. About half of the 
grains appear to have come from a meta- 
morphic source; the other half had a plutonic 
origin. The plagioclase grains are highly 
sodic and also apparently were derived from 
a metamorphic rock. 


Environment of Deposition 


Carbonates were the dominant sediment 
accumulated during the time of deposition 
of the Fort Pena Formation. The bottom 
was obviously subjected to strong current 
action which ripped up pieces of weakly con- 
solidated material and at times more firmly 
consolidated material, rolled them about, 
sorted and rounded the fragments, and win- 
nowed out the fines. Odlites were also 
formed in the region, probably under condi- 
tions similar to those described by Illing 
(1954, p. 43-44) for modern ones on the Ba- 
hama Banks. From the evidence provided 
by the dip of the current laminae and the 
alignment of the biserial graptolites, the last 
currents to sweep the region came from the 
southwest. 

During short periods of relative quiescence 
clays and micrite were deposited. They ac- 


400 


cumulated in local areas only, possibly 
areas over which the water column became 
stable because of a temporary density strati- 
fication. 

Thus the depositional site was an area 
where warm marine waters saturated with 
calcium carbonate were washed back and 
forth over a shallow sea floor. Only in local 
areas and for short periods of time was the 
almost continual current agitation inhibited. 


WOODS HOLLOW SHALE 
General Features 


The formation consists of greenish- 
weathering, black shale with interbedded 
layers of gray, thinly-laminated limestone 
and tan-weathering calcareous siltstone, each 
} to 1 inch thick, and lenses of yellow-brown 
weathering conglomerate composed of flat- 
tened pebbles of black shale scattered in a 
gray limestone matrix. The thin beds of lime- 
stone and siltstone are more numerous in the 
basal 60 to 80 feet of the formation. Some of 
the shale beds bear mud cracks and some 
of the siltstone and limestone beds display 
current ripple marks. 

The contact of the Woods Hollow Shale 
and the Fort Pena Formation is gradational. 
Where seen, the top 10 feet of the Fort Pena 
Formation is a thin-bedded, brown-weather- 
ing, gray limestone in layers a few inches 
thick with interbedded black shale. The 
basal 20 feet of the Woods Hollow Shale in- 
cludes thin-bedded, tan-weathering, gray 
limestone in layers up to 2 inches thick and 
gray shale pebble conglomerate lenses, both 
interbedded with greenish-weathering black 
shale. 

Locally, the upper beds of the formation 
contain more layers of thinly-laminated gray 
limestone interbedded with the black shale. 
Aside from these minor differences, the 
Woods Hollow Shale is remarkably uniform 
in lithology, and apparently in thickness, 
throughout the entire Marathon region. 

At a few localities, principally in the 
southwestern part of the Marathon Basin, 
the upper 50 to 100 feet of the formation 
contains scattered, rounded boulders of 
Early Ordovician and Late Cambrian lime- 
stone. Wilson (1954) made a detailed study 
of the boulders and their faunas and showed 
that the boulders contain trilobites belong- 
ing to the Atlantic as well as the North 
American faunal realm. In his opinion, the 
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boulders slumped off a Middle Ordovician 
fault scarp and were emplaced in the mud 
of the Woods Hollow Shale by violent 
storms. 

Graptolites are commonly aligned on the 
limestone and siltstone bedding surfaces and 
the proximal (narrow) ends of their rhabdo- 
somes point to the southwest, thus indicat- 
ing that the last current to pass over them 
came from that direction. 


Microscopic Character 


The limestone grains are predominantly 
ostracod valves. In one kind—biosparite— 
the valves lie at all angles to the bedding 
and are cemented by sparry calcite which is 
.05 to .12 mm in maximum dimension. In 
another type, biomicrite (plate 3, fig. 4), the 
valves lie with their long axes parallel in a 
matrix of micrite or recrystallized micrite. 
The micrite matrix bears faecal pellets, 
which are well-rounded and fall within a 
size range of .03 to .06 mm in diameter, and 
many brown phosphatic shreds. Phosphatic 
fragments are also present in the biosparites. 
Some of the biosparite layers grade up into 
biomicrite. Angular, silt-sized quartz grains 
and a few siliceous sponge spicules are 
scattered through both the biomicrites and 
biosparites. 

The siltstones (plate 4, figs. 2, 3) are 
thinly-laminated and are composed of well- 
sorted, angular, coarse, silt-sized, quartz 
grains. Sparry calcite is the cement. In 
places abraded ostracod valves, lying with 
their lengths and widths parallel with the 
lamination, form minute layers. Some 
glauconite grains and bits of phosphatic ma- 
terial are also present. 

The conglomerate lenses are composed of 
flattened pebbles of black shale in a matrix 
of micrite. Angular, silt-sized quartz grains 
and abraded ostracod valve fragments are 
scattered through the matrix and some 
sparry calcite cement is present. 

The quartz grains are all approximately 
the same size and nearly all of them had a 
plutonic provenance. A few of the grains 
came from a metamorphic rock; they ex- 
hibit undulose extinction and _ crenulate 
boundaries. 


Environment of Deposition 


A gradual change in rock types is present 
between the thin, thinly-laminated lime- 
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stones and shales at the top of the Fort 
Pena Formation and the predominant shale 
and some thin limestone at the base of the 
Woods Hollow Shale. This transition re- 
flects the slow change between the environ- 
ments in which the two formations were de- 
posited. 

Clays accumulated and black muds were 
formed in the Marathon region during the 
time of deposition of the Woods Hollow 
Shale. Some of the shale layers bear mud 
cracks and their presence indicates that for 
short periods of time parts of the area were 
temporarily exposed. 

Only a few remains of pelagic organisms, 
graptolites, were found in the shales, but 
graptolites are common in the limestones 
and siltstones. Also, the limestones are com- 
posed largely of ostracod carapaces many of 
which are abraded. 

Thus the region may have been a broad 
mud flat across which tides fluctuated and 
parts of which, temporarily at least, were 
exposed. Currents carrying ostracod and 
graptolite skeletal remains, some quartz 
grains, and a few sponge spicules periodi- 
cally swept across this low area. At times, the 
quartz component of the transported load 
was greater than the skeletal component, 
and at other times the currents were strong 
enough to rip up small pebbles of shale from 
the bottom. Commonly, after the ostracod 
valves weré dumped, a shallow sheet of 
water remained over the region or parts of 
it. While it was present, lime muds accumu- 
lated and burrowing organisms tunnelled 
through them. After short intervals of car- 
bonate deposition clays once again accumu- 
lated. The aligned graptolites indicate that 
the lime, graptolite, ostracod-bearing cur- 
rents came from the southwest. 

The exotic boulders occur in a local area 
on the southwest side of the Marathon 
Basin in the upper part of the formation. 
They are isolate masses surrounded by in- 
tensely contorted shale and probably slid or 
rolled off a rising scarp—possibly to the 
west. 

MARAVILLAS CHERT 
General Features 


The formation is composed of layers of 
black chert 6 to 8 inches thick alternating 
with light gray weathering, black, petrolif- 
erous limestone layers 4 to 8 inches thick. 
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Also, it includes some interbedded lenses 
of black chert and limestone pebble conglom- 
erate, a few thin, pink weathering shale 
partings, and a few layers of subgraywacke 
4 to 6 inches thick, some of which exhibit 
graded bedding. Both the black chert and 
the limestone are lenticular and intergrade 
along strike. Near the middle part of the 
formation on the southeast flank of the 
Dagger Flat anticlinorium several beds of 
coarse-grained calcarenite 2 to 10 feet thick 
occur. These beds contain abundant frag- 
ments of bryozoa and trilobites. A conglom- 
erate up to 10 feet thick is present in a few 
places at the base of the formation. Black 
chert and limestone slabs are common in the 
conglomerate. It also includes rock types 
not found in the Marathon region, such as a 
brownish, medium-grained, quartzose sand- 
stone and a pinkish dolomite. The conglom- 
erates are merely lenses and pass into beds 
of black chert or limestone along strike. 
South of the basin in the Solitario, Persim- 
mon Gap, Rough Creek, and Old Jones 
Ranch exposures, chert predominates over 
limestone. 


Microscopic Character 


Carbonates comprise between 40 and 45% 
of the Maravillas Chert, and they are al- 
most evenly divided between limestones and 
dolomites. The limestones are all of one 
type, micrite (plate 4, fig 1). They are all 
minutely laminated and nearly all have 
been slightly dolomitized. The dolomites 
(plate 4, figs. 4, 5) are composed of 70 to 
80% finely crystalline (.02-.04 mm in diam- 
eter) rhombs and nearly all of the remainder 
of the rock is micrite. Patches of micrite are 
surrounded by dolomite rhombs and the 
rhombs project in to the micrite; therefore 
the micrite probably has been replaced by 
dolomite. These calcitic dolomites have a 
greater porosity than the limestones and 
they emit a strong petroliferous odor when 
struck. 

Scattered through the micrites and cal- 
citic dolomites are sponge spicules, angular, 
silt-size grains of quartz, calcispheres .04 to 
.06 mm in diameter, a few radiolaria, and 
abraded ostracod valve fragments. Sponge 
spicules are locally abundant, forming 1 to 2 
percent of the rock. Dark brown phosphatic 
shreds and graptolites are locally prominent 
in these rocks and in all the rocks the mi- 
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crite is heavily stained with a brown sub- 
stance, possibly petroleum. 

The calcirudite beds, common in the 
middle part of the formation on the south- 
east limb of the Dagger Flat anticlinorium, 
are biosparrudites. They are composed of 
numerous fragments of bryozoa and trilo- 
bites and contain some fragments of brachi- 
opods and ostracods. The fragments are 
cemented by a very coarsely crystalline cal- 
cite which is 1 to 4 mm in maximum grain 
dimension. These beds probably represent 
local areas of the sea floor where bryozoa 
flourished and to which other organisms 
were attracted by the abundance of food. 

The cherts in the formation are finely- 
laminated and are composed of a fine-tex- 
tured mass of cryptocrystalline quartz. 
Scattered through the chert are many 
sponge spicules, some angular silt-sized 
grains of quartz, small bits of dolomite and 
dolomitic siltstone that show alteration 
rims and probably passed through the gut 
of an animal, graptolites, spore-like entities, 
calcispheres, phosphatic shreds, a few radio- 
laria, and a small amount of finely divided 
pyrite. Locally small calcite grains and frag- 
ments of bryozoa and brachiopods occur in 
the chert. Spicules are abundant in places 
—forming 3 to 4 percent of the rock. This 
chert, like that of the Fort Pena Formation, 
appears to have replaced beds of limestone. 
The chert layers grade laterally and verti- 
cally into micrite; however, organic remains 
are more prominent in the chert. Thus the 
present chert beds may have been those of 
micrite in which chertification took place 
during diagenesis because of pH differences. 

The lenses of subgraywacke and conglom- 
erate are composed of subangular pebbles 
of penecontemporaneous, black chert and 
micrite in a matrix of calcite. Some of the 
interstices are filled with calcite cement. 
Angular, coarse, silt-sized particles of 
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quartz, plagioclase, and glauconite are 
scattered in the matrix. The size of the 
pebbles ranges from coarse sand to medium 
rudite and the subgraywackes commonly 
grade either laterally or vertically into 
conglomerate. The pebbles probably formed 
when areas of the bottom dried out and 
cracks formed. Subsequent rush of strong 
current action—possibly storm generated— 
ripped up pebbles and smaller particles, 
carried them a snort distance, and then re- 
deposited them. The presence of black 
chert occurring as pebbles indicates that 
chertification of the limestone took place 
almost immediately after deposition—dur- 
ing the earlier phases of lithification. The 
exotic slabs which occur in the local conglom- 
erate lenses at the base of the formation 
are found only 15 feet stratigraphically 
higher than the highest of those in the 
Woods Hollow Shale in the same part of the 
basin. Therefore, they may have come from 
the same or a similar fault scarp—rolling 
and sliding to their present position. 

The quartz grains in the Maravillas 
Chert, like those in the lower part of the 
Ordovician succession in the Marathon re- 
gion, had two different origins. The major- 
ity of the grains had a plutonic provenance, 
but a few display sutured edges and un- 
dulose extinction and are therefore con- 
sidered to be of metamorphic derivation. 
The few plagioclase grains in the formation 
are highly sodic in composition and they, 
too, are probably from a metamorphic 


source. 


Environment of Deposition 
The sediments that now comprise the 
Maravillas Chert were deposited very 
slowly over a long period of time (late 
Middle Ordovician to the end of the Ordo- 
vician), as indicated by the fauna. For most 
of the time, the region was one of lime-mud 


EXPLANATION OF PLATE 4 


Fic. 1.—Maravillas Chert. Micrite with a few dolomite rhombs. f 

Fic. 2.—Woods Hollow Shale. Siltstone composed of angular quartz grains cemented by crystalline 
calcite. The black shreds lying parallel to the bedding are graptolite bits. 

Fic. 3.—Woods Hollow Shale. Part of figure 2 enlarged, showing grain borders of the quartz grains 


partly corroded by calcite. 


Fic. 4.—Maravillas Chert. Micrite and some dolomite rhombs. This is an intermediate step in a 
recrystallization sequence of limestone to dolomite which starts with micrite and a little dolomite (fig. 
1) and ends with mostly dolomite and some micrite (fig. 5). 


Fic. 5.—Maravillas Chert. Dolomite with some micrite. This rock is near the end stage of the re- 


crystallization sequence. 
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accumulation under reducing conditions. 
Locally, for brief periods, clay was deposited 
instead of lime. Also, some areas of the bot- 
tom were subjected to drying and cracking 
from time to time. Several such areas 
existed during the earliest part of the time of 
accumulation of the Maravillas Chert, and 
they probably indicate a slow transition of 
environment from a mud flat of clay deposi- 
tion to a nearly permanently subaqueous 
area in which lime mud was accumulating. 

In a local area on the south central side 
of the Marathon Basin, bryozoa flourished 
and built small biostromal mounds to which 
trilobites and a few ostracods and brachi- 
opods were attracted. These mounds were 
built up over small areas of the bottom 
that were free from toxic waters for a time, 
but then when the foul waters returned, 
bryozoan growth ended. This process re- 
curred several times in small sectors during 
part of the Late Ordovician. 

Thus the site of deposition was an area 
covered by calm, probably warm, marine 
waters in which a reducing environment de- 
veloped. Only locally and for relatively 
short periods of time was the water mass 
disturbed or the toxic condition of it di- 
minished. 


CONCLUSIONS 


The Ordovician succession in the Mara- 
thon region is in general an accumulation of 
muds—dominantly calcareous in composi- 
tion. The muds were deposited in a variety 
of environments, ranging from the agitated, 
turbid waters of the Early Ordovician to the 
shallow-bottom, strong-current action of 
early Middle Ordovician to the mud flat in 
the latter part of the Middle Ordovician to 
the calm, stable water of the Late Ordovi- 
cian. 

Most of the fossils found in the rocks are 
the remains of pelagic organisms—grapto- 
lites primarily. The graptolites occur prin- 
cipally in the limestones and are present in 
those limestones formed under strong cur- 
rent action as well as those formed under 
weak current activity. Most of the better 
specimens were found in low relief on the 
bedding planes of those limestones formed 
under the strongest current action, the 
oblitic intrasparites, but many good speci- 
mens were found preserved as black films on 
the gray micrites of the Marathon Lime- 
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stone. 

The preponderance of evidence points to 
shallow water prevailing over the region 
throughout the entire Ordovician. Reef 
masses and biostromal beds are included in 
the Marathon Limestone and the Maravillas 
Chert respectively. The shales of the Woods 
Hollow Shale and some of those in the 
Marathon Limestone bear mud _ cracks. 
Further, the cross-laminated limestones of 
the Fort Pena Formation are composed of 
oblites, intraclasts, and aggregates, indica- 
tive of a sea floor shallow enough to be 
agitated by wave action. 

Aligned biserial graptolite rhabdosomes 
in the Fort Pena and Woods Hollow Forma- 
tions and the direction of dip of the cross- 
laminae in the Marathon and Fort Pena 
Formations clearly indicate that the last 
current to pass over the area during the time 
of deposition of these formations came from 
the southwest. Little current activity took 
place during the time of deposition of the 
Maravillas Chert. 

The nature of the quartz grains scattered 
throughout the Ordovician succession indi- 
cates diverse derivations for them. Most of 
the grains had a plutonic origin whereas 
some had a metamorphic provenance. The 
quartz grains forming the Rodriquez Tank 
Sandstone are at least second-cycle sedi- 
mentary quartz, ultimately derived from 
a plutonic rock. 

The bedded cherts in the sequence are 
postulated to be replaced limestones. In 
certain limestone layers, because of pH dif- 
ferences between them and the surrounding 
limestone, chertification took place. No 
nearby land mass was sufficiently weathered 
to supply pure silica to the sea water for dep- 
osition in the colloidal state, and no nearby 
volcanic activity is known. 

Thus, during Ordovician time, the Mara- 
thon region was the site of shallow water dep- 
osition of calcareous mud micrite and clay 
with some pelsparite, intrasparite, and bio- 
sparite admixed. The waters were agitated 
and turbid, and the bottom was frequently 
disturbed in the Early Ordovician and early 
part of the Middle Ordovician. Then a tidal 
mud flat environment became dominant. 
Currents swept across the flat periodically, 
bearing in them remains of pelagic organ- 
isms. Abruptly, in the latter part of Middle 
Ordovician time, waters of shallow depth 
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ENVIRONMENT OF THE ORDOVICIAN SUCCESSION 


returned to the region. These waters were 
but little affected by waves or currents and 
a reducing condition was present in them— 
above the water-sediment interface. This 
environment persisted in the Marathon re- 
gion until the end of the Ordovician. 
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ABSTRACT 


The tidal flats on the southeastern border of the North Sea are developed behiad a chain of barrier 
islands. In this area the grain size of the sand decreases from the inlets towards the inner shores and 
the tidal watersheds behind the islands. Likewise the clay content increases, so that muddy sands and 
even sandy muds are formed. This condition is explained by the action of tidal currents combining 
with other, mainly biological phenomena. Pellets and flakes are formed and these are carried inwards 
in consequence of the “‘settling lag effect’”” and the ‘‘scour lag effect.” In estuaries and tidal lagoons 
similar conditions may be responsible for lateral changes in clay content. In ancient basins such lateral 
increase in fine grained material may indicate approach to the mainland shore and increasing distance 
from passes between sandy barrier islands. This study is an elaboration of suggestions offered by 
Postma (1954). A more detailed account with extended bibliography and full acknowledgements has 


been given in an earlier paper (van Straaten and Kuenen, 1957). 


INTRODUCTION 


It has been known for a long time that in 
the tidal flat area along the North Sea coasts 
of Denmark, Germany, and Holland the 
average grain sizes of the sand are smaller 
than in the adjoining parts of the North Sea. 
Moreover, they tend to decrease from the 
inlets towards the inner shores and towards 
the tidal watersheds (fig. 1) which connect 
the barrier islands with the mainland. In 
the same direction the clay percentage in- 
creases, especially close to the mainland 
shore. There much of the deposits is either 
muddy sand or even sandy mud. 

The present configuration of the tidal flat 
sea (fig. 1) is apparently the result of a com- 
bination of deposition in a low area behind 
the chain of barrier islands and of erosion 
in the tidal channels. This erosion resulted 
in the formation of lag sediment: some 
gravel, shells, clay pebbles, and coarse sands. 
The bottom of the major tidal channels at 
and close to the inlets is very rich in such 
coarse materials. The cross section of these 
channels is somewhat smaller than would be 
the case if only fine sand were present be- 
cause higher bottom velocities can now de- 
velop without erosion. 

The fact that, passing inwards along the 
channels, the bottom sediment is found to 
decrease more or less gradually in average 
grain size is easily explained as the result of 
the decrease in this direction of the aver- 
age and maximum current velocities. In or 


1 Manuscript received February 7, 1958. 


near the inlets the sediment can contain 
only a subordinate amount of fine sand be- 
cause most of the time the bottom material 
is being winnowed out by the strong cur- 
rents. Farther inwards, where the currents 
are weaker, these finer fractions make up 
a greater percentage of the sediment, owing 
to two causes. In the first place, greater 
quantities of fine sand can come to semi- 
permanent depostion, and in the second 
place there is a much reduced supply of 
coarse grains by the flood currents owing to 
their diminished competency.? But the same 
reasoning cannot be applied to the sus- 
pended load entering from the North Sea 
because it moves with very sluggish cur- 
rents. 

However, several organic factors come 
into play. In the first place a dense popula- 
tion of pelecypods, mainly Cardium edule 
and Mytilus edulis, filter clay from the 
water and return it in the shape of faecal 
pellets and pseudo-faeces. These aggregates 
of clay material (especially the true faecal 
pellets) and the fragments formed by ero- 
sion of old mud or clay beds are compara- 
tively coherent and behave more or less as 
sand-size grains. On the marshes along the 
shores various plants catch fine sediment. 
Then diatoms produce slime that binds clay. 
Much larger floccules than result from the 
electrolyte action of sea water tend to form 
from organic detritus to which clay par- 


* An interesting article on this subject was 
published by Postma (1957). 
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Fic. 1.—Map of the central part of the Dutch Wadden Sea, showing the general relations between 
barrier islands, outer tidal deltas, inlets, main channels, tidal flats, and watersheds. 


ticles adhere. These various larger particles 
settle much faster than the fine floccules 
of the open sea. In this manner clay becomes 
mixed with the sand deposits. 

As the density of the mollusc population 
and the efficiency of the other factors tend to 
increase inwards? it has been generally as- 
sumed in the past that this accounts sat- 
isfactorily for the augmentation in the same 
direction of the clay content in thesands. One 
could suppose that if a new tidal area were 
to come into existence, the mud admixture 
to the sand would at first increase owing to 
the organic influences. This would happen 
at the expense of the total quantities of 
suspended mud in the tidal flat sea. Under 
such conditions the average concentration 
of suspended matter would therefore become 
lower than in the open sea. But rolling of 
pellets and fragments together with sand as 


3 The most abundant pellet-producing species, 
Cardium edule and Mytilus edulis live mainly 
on the tidal flats. Going inwards from the inlets 
the area covered by the flats is seen to increase 
gradually in comparison to the area covered by 
the channels. Hence, the influence of the forma- 
tion of pellets must also augment in inward di- 
rections, except close to the shores where the 
elevation of the flats becomes relatively great 
and where the populations decrease because the 
— of inundation by the tides become too 
short. 


a result of tidal currents and wave action 
must cause abrasion of the ‘‘clay sand,” 
thus causing part of the clay to be resus- 
pended. A steady state would be attained 
when this gain in suspension compensates 
the loss due to the mud-condensing factors. 
The concentration in suspension would then 
be equal to that in the open sea. 

However, the periodical occurrence of 
storms prevents the establishment of such a 
steady state. During storms there must be a 
great loss of mud from the tidal flat area. 
The amounts of suspended mud become 
much higher under these circumstances than « 
the average in the open sea. The ensuing de- 
crease in clay content in the bottom will 
cause a shifting of the equilibrium during 
the following calm weather period. Re- 
cuperation of deposited clay by pellet forma- 
tion in the calm periods must then entail a 
loss from the suspension. One should there- 
fore expect the water of the tidal sea to be 
clearer than that of the North Sea except 
during storms. 

In reality a different situation is found. 
Postma (1954) showed that during calm 
weather the concentration of the suspension 
is also much higher in the Wadden Sea than 
in the North Sea, especially close to the 
shores. This fact was already demonstrated 
before him by Gry (1942) and is familiar to 
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all who have worked in the area. Postma 
also found that fresh water from sluices on 
the Wadden Sea coast is quickly exchanged 
with the North Sea by the in- and outflow- 
ing tidal currents. Hence, the suspended 
load must also undergo this diffusion and 
loss to the open sea. The fact that the in- 
crease in concentration of suspended sedi- 
ment towards the land is maintained in- 
definitely proves that some contrary mecha- 
nism must be active in keeping the fine ma- 
terial stored in the inner waters in spite of 
loss by diffusion. 

Postma suggested the following mecha- 
nism. When the flood current gradually de- 
creases in velocity towards the time of high 
water, there comes a moment at which a 
given particle of the suspended load can no 
longer be retained and is allowed to drop to 
the bottom. But a certain amount of time 
elapses while the particle travels to the bot- 
tom and in the meantime it is carried further 
inwards on the slackening current. It is 
thereby taken to a spot where the average 
current velocity is less than at the point 
where it began to drop out, owing to the 
general decrease in average current veloc- 
ities from the inlets inwards. This happens 
to all particles of the suspended load. There- 
fore the ebb current is not able to remove 
all the deposited particles. In the long run 
this should lead to the observed distribution 
of fine grained sediments in the Wadden 
Sea. Postma’s idea will be elaborated in the 
following pages. 


THE LAG EFFECTS 


The usual manner of studying tidal cur- 
rents and their action is to ascertain the 
varying velocity and sediment load at fixed 
points. This leads to complications in an 
environment in which the average current 
velocities vary from place to place. Ex- 
amples taken from the present area are as 
follows. At the moment that the flood cur- 
rent reaches its maximum velocity at a 
given point, the water particles that pass 
over this point have already started to slow 
down. A decrease in suspended load may be 
noted by an observer at a fixed point at a 
moment when the current velocities of the 
passing water are still on the increase, etc. A 
much simpler picture is obtained by follow- 
ing in mind a certain mass of water as it 
moves in and out with the tide. 
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A number of simplifications have to be 
made, but these probably do not alter the 
general trends significantly. It will be as- 
sumed in the first place that current velocity 
is equal at all points in a channel section; 
in the second place that the tidal curve at 
all points is a symmetrical sinus curve; in 
the third place that high and low water 
occur at the same moments throughout the 
tidal sea; in the fourth place that the aver- 
age current velocity decreases inwards pro- 
portionally to the distance between inlet 
and coast or watershed. 

The shape of the curves representing the 
relation between velocity and position for a 
particle of water on these assumptions was 
calculated at the request of the writers by 
Dr. R. Dorrestein and is shown in figure 2. 
The tangent to these lines starts at the inner 
shore of the Wadden Sea (or the watershed) 
and meets each curve at the point attained 
by the particle in question at half tide. The 
higher velocity and the greater distance lie 
on the seaward side of this point. A water 
particle moves in and out on one such curve. 

With the aid of these curves the action of 
the current on a particle of sediment can be 
traced. The particles in suspension are con- 
tinuously exchanging places owing to turbu- 
lence. This will be ignored and the treatment 
will be as if the same individual particle 
were holding its position. There may even 
be some interchange with particles lying on 
the bottom, but this is reduced to a mini- 
mum by the fact that the current velocities 
required for erosion of bottom particles are 
always greater than the velocities at which 
these same particles can be deposited from 
suspension. Likewise, the treatment will 
deal with a particle at average (weighted) 
depth. 

Two phenomena appear to be of primary 
importance for the accumulation of fine 
grained material from the inlets towards the 
shores. The first one is the circumstance, al- 
ready mentioned by Postma (see above), 
that particles settling from a slackening 
current are not deposited vertically below 
the place where they start to drop out from 
the suspension, but that they are carried 
along some distance before reaching the 
bottom. In the following this will be called: 
“settling lag.’’ The other phenomenon re- 
ferred to in the preceding paragraph is based 
on the difference between the maximum cur- 
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Fic. 2.—Settling lag effect. Diagram showing the velocities (v) with which different water masses 
move with the tides at each point along a section through the Wadden Sea from somewhere in the 
direction of the inlet (left) to the shore or towards the watersheds (right). The curves apply only to 
idealized, average conditions. Scour lag is supposed to be zero. 

A sediment particle taken into suspension at point 1 by a flood current of increasing velocity, starts 
to settle towards the bottom at point 3, when the current velocity drops again below the value at- 
tained at point 1. In consequence of the settling lag the particle reaches the bottom later, at point 5, 
when the current velocity has meanwhile diminished to the value represented by the vertical 4-5. After 
the turn of the tide it cannot be eroded by the same mass of water, because this attains the required 
velocity only later, when it has reached a point situated more towards the inlet. The sediment par- 
ticle is therefore eroded by a more landward mass of water (curve B-B’) and taken along in the direc- 
tion of point B. At point 7 it starts to drop out of suspension. It reaches the bottom at point 9. During 


one tidal cycle the particle has therefore shifted from point 1 to point 9. 


rent velocities allowing sedimentation of 
suspended particles and the minimum veloc- 
ities required to erode the same material 
from the bottom. It has been investigated 
in detail by Hjulstroem (1935, see also 
Sundborg, 1956). The smaller the grain size 
the greater is this difference. This phenome- 
non will be called ‘‘scour lag.”’ 

First the effect of the settling lag will be 
considered by itself. It will therefore be 
temporarily supposed that the scour lag 
effect is zero. Let it be assumed that a parti- 
cle is of such size that it requires the veloc- 
ity, v1, to be held in suspension by turbu- 
lence (fig. 2). It is lying on the bottom at 
point 1 where the foregoing ebb current 
dropped it. As soon as the passing flood cur- 
rent has attained the speed v; the particle 
starts to travel inwards. On reaching point 3 
the current has slackened to the velocity at 
which the particle begins to settle. During 
the subsequent travel to the bottom, how- 
ever, the surrounding water is still carrying 
it inwards. The distance covered during this 
settling lag depends not only on the manner 
in which the velocity decreases, but also on 
the depth (not shown in the diagram). It 
will be assumed that the velocity curve 
(A-A’) is followed until the point 5 on the 
bottom is reached where the particle in 
question comes to rest. 

When the water which surrounded the 
particle comes back on the following ebb 


current, it is still moving too slowly to pick 
the particle up. The latter remains on the 
bottom, until water of sufficient velocity 
starts to pass. This water belongs to a curve 
(B-B’) situated further inwards. At point 7 
it drops the particle considered. Owing to 
the settling lag it is taken a certain distance 
further seaward, but it can never land on the 
bottom beyond point B. In the diagram it is 
assumed that it attains the bottom at point 
9. In the course of one tidal cycle this parti- 
cle has therefore travelled inwards from 
point 1 to point 9. Some complications arise 
from the circumstance that the average 
depth of the water masses moving to and fro 
with the tides is much larger at low tide 
than at high tide (see fig. 3). The reader 
interested in the effect of these complica- 
cations is referred to the more extended 
treatment given by the authors in 1957. 

Each jump back and forth brings the par- 
ticle closer to the shore. Soon the flood cur- 
rent will deposit it at a spot so far inwards 
(to the right of point x in fig. 2) that the ebb 
current there does not attain sufficient speed 
to lift it. The critical velocity v; then lies 
above the tangent p (fig. 2). The particle 
has undergone “‘final settling lag.’’ There it 
will remain, until a stronger tidal cycle, or 
waves, or scour by a moving gully succeed 
in raising it. Another possibility is that the 
particle later falls apart or is abraded to 
form normal marine clay floccules. 
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Fic. 3.—A large part of the water in the Wadden Sea is alternately spread out horizontally (B) and 
piled up in narrow deep channels (A). At the end of the flood tide most of the settling sediment reaches 
the bottom because of the shallowness of the water in the area B. The quantity of sedimentary material 
that reaches the bottom at the end of the ebb tide is smaller, owing to the greater depths at A. 


The effect of the scour lag combined with 
that of the settling lag is illustrated in 
figure 4. It is compared with the effect of 
the settling lag alone. The difference be- 
tween the scour velocity and the minimum 
transporting velocity is represented by v2 
minus 2. A particle which lies on the bottom 
at point 1 and which is subject to both the 
scour lag and the settling lag effects has to 
wait a little longer before it is taken into sus- 
pension by the accelerating flood current 
(curve A) than another hypothetical bottom 
particle which lies at the same point but 
which is unaffected by the scour lag phenom- 
enon (curve B). Towards the end of the 
flood it is therefore redeposited on the bot- 
tom at a point (5), which lies slightly sea- 
ward of the point (5’) where the other hypo- 
thetical particle comes to land. However, 
during the beginning of the subsequent ebb 
tide the resuspension of the normal particle 
is also delayed with regard to that of the 
hypothetical particle. Whereas the hypo- 
thetical particle returns seaward with the 
ebb current along curve C, the normal parti- 
cle travels back with a water mass that 
comes from further landward: curve D. 
Owing to the asymmetry of the curves and 
to the fairly rapid inward decrease of the 
travelling distances, the normal particle 


comes to rest at the end of the ebb tide at a 
place that lies much more landward than 
the place where the hypothetical particle 
reaches the bottom. Hence, it is seen that 
not only the settling lag, but also the scour 
lag phenomenon plays an important part in 
the accumulation of fine grained sediment 
towards the interior of the Wadden Sea. 


INSIGNIFICANCE OF CAPACITY 


In the above treatment of lag effects 
emphasis has been entirely on the compe- 
tency of the currents, forit has been assumed 
that a particle is raised as soon as sufficient 
velocity of the water has been reached. If 
the amount of sediment to be raised is large 
or if the current is loaded to near its capac- 
ity, there would be a time lag for scour to 
take effect. But in the area under considera- 
tion the amounts of suspended sediment are 
not large. The only suspendable matter that 
is available to the currents when these start 
to run after slack water is that which lies on 
the bottom and which is caught between 
those larger grains which are set in motion 
as bottom load. As the capacity for bottom 
load is limited, only a minute fraction of the 
enormous masses of sand in the tidal sea is 
set in motion. Hence, only a very small 
amount of clayey matter is set free, an 
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CLAY ACCUMULATION 


Fic. 4.—Settling lag effect compared with the combined effects of settling lag and scour lag. For 
explanation see text. 


amount very far short of capacity. The con- 
sequence is that mud particles are taken into 
suspension as soon as the current attains the 
necessary velocity to raise them or to roll 
away the protecting sand, so that they start 
to move almost immediately when the 
necessary competency has developed. 


COMPLICATIONS CAUSED BY DIVERGENCE 
FROM THE POSTULATED IDEAL 
CIRCUMSTANCES 


Matters are complicated in nature by 
local disagreements with the postulated 
ideal tidal currents and because flow along 
the bottom is slower than the average of the 
cross section. In some localities, for example, 
the flood current develops a higher maxi- 
mum velocity than the ebb current. This 
must tend to enhance the action of the lag 
effects. At other places, however, the ebb 
current is relatively stronger and the result 
will detract from the lag effects. There are as 
yet insufficient hydrographic data to show 
whether the former or the latter condition is 
more widely distributed. 

Another complication is that the sus- 
pended particles may be moved by bottom 
traction before and after being moved in sus- 
pension. However, the distances travelled 
in this manner must be small compared to 
the transport in suspension and can be 
ignored in first approximation. 

The most significant factor which has 
been neglected so far in the treatment of the 
lag effects is the action of wind and waves. 
This means that the outline given above ap- 
plies only to calm weather. The influence of 
wind is twofold: to generate waves and to 
alter the flow of the tidal currents. 


The action of waves results in a powerful 
churning up of mud from the bottom in 
shallow water, that is mainly on the tidal 
flats, when these flats are covered by the 
tides. Few measurements of suspended load 
have been carried out during storms except 
close to the mainland coast. But there are 
plenty of qualitative observations to show 
that the amounts of suspended clay are a 
high multiple of what is seen in the North 
Sea or during calm weather in the tidal 
area. This great increase in the density of 
the suspension must necessarily lead to a 
much stronger gradient between shore and 
inlet, since the area covered by the flats de- 
creases with decreasing distance from the 
inlets. This, in turn, must result in strong 
losses of mud from the tidal sea to the 
North Sea. 

The loss is reinforced by the second influ- 
ence of the wind. The strongest winds in the 
area blow from westerly directions. They 
raise the water level along the North Sea 
beaches of the barrier islands and increased 
amounts of water enter the inlets during 
flood tide. This is especially the case when 
the winds come from the west (southwestern 
part of Wadden Sea) or from the northwest 
(central and eastern parts). Owing to the 
shallow depths in the Wadden Sea, large 
masses of water can be piled up under the 
influence of such storms. When the water 
level in the North Sea subsides again to nor- 
mal at the end of the storms, the slope of 
the water surface becomes very steep during 
ebb tide. The ebb currents may then reach 
more than twice their normal velocities, 
carrying with them great quantities of mud 
churned up by the waves. 
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THE MUD BALANCE IN THE WADDEN 
SEA OVER LONG PERIODS 


Over a year or a few years the losses con- 
sequent on storms will roughly balance the 
gain by the lag effects during periods of calm 
weather. In the long run there are probably 
trends of loss or gain, dependent in part on 
relative rise or fall of sea level, climatic or 
biological changes, variations in supply of 
sediment, and human activities (reclama- 
tion of land and fishing of shells). 

The available amounts of clayey material 
and the volume of sand moved during a 
tidal cycle are small compared to the vast 
area of the tidal sea. Hence adjustments to 
altered conditions need a long time to take 
effect, as was found after the construction of 
the great Zuiderzee dyke. For this reason it 
is not possible to discover whether gain or 
loss is in progress at present. Measurements 
of water movements and suspended load 
giving quantitative results for the whole 
area are hardly feasible because of the pre- 
dominant influence of storms. Yet advance 
towards closer understanding is possible. A 
larger number of simultaneous observations 
on suspended load at a few points between 
inlet and shore are urgently needed, and 
also data on velocities and load obtained 
from ships drifting in and out with the cur- 
rent. It would also be extremely useful to 
gain more information on the amount of 
sediment deposited and raised again at dif- 
ferent points in gullies and on flats. 


IMPORTANCE OF LAG EFFECTS 
FOR OTHER AREAS 


According to the view developed in this 
paper the accumulation of clay results from 
the formation of flakes, pellets and frag- 
ments which are carried in suspension part 
of the time. In consequence of their settling 
on the bottom during the slack water stage 
of high tide they are bypassed during the 
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first stages of the following ebb by the water 
that surrounded them and are finally 
raised in a mass of water which comes 
from closer to shore. 

The most important feature of a tidal 
flat sea in this respect is the gradual de- 
crease in current velocity away from the 
inlet. It appears possible that similar action 
occurs in other environments like estuaries! 
and tidal lagoons, provided the clay ma- 
terial forms suitable aggregates and the 
average current velocities decrease away 
from the open sea. In river estuaries part of 
the clay is supplied by the river. This matter 
flocculates on meeting sea water. Still larger 
floccules are formed by the sticking together 
of finely divided clay material and organic 
detritus floating in the water. The estuarine 
circulation (salt water undertow) enhances 
deposition of this material on the channel 
floors in the river mouth. A spate may wash 
this accumulation out to sea. In the Dutch 
Wadden Sea all clay is carried in from the 
open sea as floccules with or without a sub- 
stratum of organic material. 

It is assumed in many studies of ancient 
deposits that a gradual lateral decrease in 
grain size of sand accompanied by increase 
in clayey material implies a growing depth 
and distance from the shore. In the tidal 
flat environment the opposite is the case, 
for the grain size becomes less and the clay 
content increases as one passes from the in- 
lets communicating with the open sea 
towards the inner shores. It may prove use- 
ful in litho-facies analyses to keep this pos- 
sibility in mind. 
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Berthois. A series of short notes was published by 
this author. For a summary of his results see 
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BANDED IRON FORMATIONS' 
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ABSTRACT 


Deposition of the banded silica and iron formations, which are typical of the middle ‘‘Huronian”’ 
rocks of the Lake Superior district, can be accounted for as follows. The region was in a very mature 
stage of geomorphic development, and the climate of the region was sub-tropical to warm-temperate, 
with moderate to high rainfall. Iron and silica were the principal products of weathering, being derived 
alternately during the cooler and warmer parts of the year. The environment of deposition was a 
large fresh-water lake, low in nutrients and thus having a relatively low organic productivity, and it 
was of sufficient depth to permit development of density stratification of the water during the summer. 
The lower water layer, in summer, was isolated from the atmosphere and had a slightly reducing and 
acid condition; iron was kept in solution in a reduced state but silica was deposited. During the winter 
the entire column of water in the lake circulated and it was oxidizing and alkaline, causing precipita- 
tion of the iron. Any of the iron minerals common to the banded iron formations could be deposited 
in this environment, because the stability fields of these minerals include the ranges of Eh and pH 


which occur in this type of lake. 


INTRODUCTION 


The banded nature of the Precambrian 
iron formations which consist mainly of al- 
ternate layers of chert and siderite, or chert 
and hematite, seems to record a process of 


sedimentation which was periodic. The an- 
nual temperature cycle of fresh-water lakes, 
with its effects on water stratification and 
chemistry of the lake waters, under certain 
climatic conditions, provides a mechanism 
for rhythmic deposition of silica and iron. 

The writer suggests that the combination 
of the presence of large, deep, fresh-water 
lakes with the annual cycle as developed in 
a subtropical or warm temperate climatic 
zone, and the existence of the watershed 
area in a state of very mature geomorphic 
development, provided all of the conditions 
necessary for deposition of the Precambrian 
banded silica and iron formations. This par- 
ticular combination of factors may not have 
been repeated since Precambrian time. 

The direct contribution of iron and silica 
to the basins of deposition by volcanic ac- 
tivity is not considered to have been neces- 
sary for the deposition of the iron forma- 
tions. The presence of basic rocks in the 
watershed areas would have insured ade- 
quate source materials. The earth’s atmos- 


1 Presented May 6, 1957, at a meeting of the 
Institute on Lake Superior Geology, at Michigan 
State University, East Lansing. 


phere is assumed to have had approxi- 
mately the same composition during the 
deposition of the banded iron formations as 
it has today. 

The present paper relates to the banded 
chert and iron-mineral formations of middle 
‘“‘Huronian”’ type, and not to any others, 
such as the iron sulfide-bearing formations 
which are commonly associated with dark- 
colored shales and carbonate rocks. 

Several writers have adequately demon- 
strated that the banded iron formations 
were deposited as chemical sediments, and 
some have proposed a fresh-water environ- 
ment of deposition for these rocks. No one, 
however, has thus far proposed a generally 
acceptable mechanism of deposition involv- 
ing a fresh-water environment. 

A brief review of the literature is given in 
the following paragraphs, to set up a frame- 
work within which the problem may be con- 
sidered. This is followed by descriptions of 
the processes operating in fresh-water lakes, 
particularly in relation to annual variations 
in the chemistry of their waters and to the 
deposition of iron and silica. Weathering 
processes under the climatic and geomorphic 
conditions which influence the delivery of 
iron and silica to a basin of deposition are 
considered. Finally, a particular combina- 
tion of these processes is proposed to have 
existed during part of Precambrian time to 
account for the banded iron formations. 
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DEPOSITION OF BANDED IRON FORMATIONS 


REVIEW OF THE LITERATURE 

The sedimentary origin of the middle 
“Huronian” banded silica and iron forma- 
tions, in the Lake Superior region, was 
stated by Van Hise and Leith in their mono- 
graph (1911, p. 500). This conclusion was 
based on the facts that the iron formations 
are interbedded, in many places conform- 
ably, with other sedimentary formations— 
quartzite, conglomerate, slate, and lime- 
stone; they contain recognizable sedimen- 
tary material, such as iron carbonate, green- 
alite, shale, sand, and conglomerate; and the 
field relations of the rocks obviously indi- 
cate a sedimentary origin. 

These iron-bearing formations were re- 
garded by Van Hise and Leith as chemical 
sediments because (1) they consisted ori- 
ginally [this is an unproven conclusion] of 
iron carbonate and ferrous silicate and pos- 
sibly some iron oxide, similar to substances 
known elsewhere to be deposited as chemical 
sediments; (2) they may be synthesized in 
the laboratory by simple chemical reagents 
which were probably present [?] where the 
iron-bearing rocks were formed; and (3) 
they usually lack fragmental particles. 

Because Van Hise and Leith (1911, p. 
505-506) believed that the rocks of the iron- 
bearing series contain a much higher per- 
centage of iron and silica than are contained 
in the possible source rocks from which they 
might have been derived by ordinary proc- 
esses of weathering, they supposed that some 
unusual source of material was available. 
On page 516 they concluded that the source 
of the iron was in the large masses of con- 
temporaneous basic igneous rocks, and that, 
“the iron salts have been transferred from 
the igneous rocks to the sedimentary iron- 
bearing formations partly by weathering 
when the igneous rocks were hot or cold, but 
the evidence suggests also that they were 
transferred partly by direct contribution of 
magmatic waters from the igneous rocks and 
perhaps in small part by direct reaction of 
the sea waters upon the hot lavas.”’ 

Gruner (1922, p. 446) marshalled evidence 
against the direct contribution of iron and 
silica by magma, and suggested (p. 457) that 
the source of these materials which formed 
the Biwabik Formation was a large land 
area in North America that was covered 
largely by greenstones and basalts. He sug- 
gested that the climate was humid and prob- 
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ably tropical or subtropical, with abundant 
land vegetation of a low form which resulted 
in rapid decay of the rocks and concomitant 
solution of large quantities of iron and 
silica, 

Moore and Maynard (1929, p. 276) dem- 
onstrated that carbonated water is able to 
dissolve sufficient iron and silica from a 
basic terrane to form a large sedimentary 
iron deposit, and that organic matter and 
inorganic acids may cause much iron and 
silica to go into solution. Further, they con- 
cluded that the iron of the large sedimen- 
tary iron formations had been transported 
principally as a ferric oxide hydrosol, stabi- 
lized by organic matter, and that the greater 
portion of the silica was transported as a 
silica hydrosol. Data were cited (p. 286-— 
292) showing that some present-day streams 
carry sufficient quantities of iron and silica 
to provide the materials for deposition of 
large iron-silica deposits. 

Laboratory experiments (Moore and May- 
nard, 1929, p. 524) indicated that banding of 
the deposits could be due to a differential 
rate of precipitation of the iron and silica 
combined with the influence of seasonal 
changes causing varying quantities of the 
two materials to be brought into the basin 
of deposition at different periods throughout 
the year. 

These authors stated (on p. 510) that ‘‘a 
perusal of the literature gives no adequate 
explanation of the characteristic banding 

.”’ and in their conclusions (p. 524-527) 
they gave no specific natural mechanism for 
production of the banding. The senior au- 
thor (Moore) stated a preference for direct 
contribution by igneous activity to account 
for the silica and iron deposits. 

Leith (1934, p. 158) made the observa- 
tion that ‘‘the Lower and Middle Huronian 
series, consisting of quartzites, slates, lime- 
stones, and iron formation, making up less 
than a quarter of the pre-Cambrian sedi- 
ments of this region, have usually been re- 
garded as marine, mainly on the ground of 
their good assortment, uniformity over wide 
areas, evidence of deposition from standing 
water, and absence of distinctly continental 
characters. On the other hand, they are, in 
the main, shallow water deposits, and might 
well have accumulated in  land-locked 
basins.” 

Woolnough (1941) praised the contribu- 
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tion of Moore and Maynard (1929), but 
rejected Moore’s opinion that direct mag- 
matic contribution of silica and iron was 
necessary. Woolnough proposed that the 
marine environment could not provide con- 
ditions necessary for precipitation of the 
banded silica and iron formations. He postu- 
lated that these formations were deposited 
in basins separated from the sea, most prob- 
ably occurring in regions of very mature 
geomorphic development. The mature stage 
of erosion of the watershed would provide 
for a minimum of clastic sedimentation and 
a dominance of silica and iron in the material 
transported to the site of deposition. Wool- 
nough stated (p. 477) that, ‘‘Banding is 
easily explained as due to successive acces- 
sions of solution readily accounted for by 
seasonal, but not necessarily annual cycles 
of rainfall.’ The rhymic deposition is thus 
considered a result of pulsations in the 
amounts of silica and iron delivered to the 
basin. 

Sakamoto (1950, p. 458-463) also stated 
that the materials in the banded iron forma- 
tions could be derived by mature weathering 
on a land surface in an appropriate climate, 
and he stated that the view that the iron was 
derived from submarine volcanoes, or spe- 
cial volcanic rocks, is quite untenable. The 
mechanism of precipitation of iron and silica 
postulated by Sakamoto involved weather- 
ing under monsoon-like climatic conditions, 
and periodic delivery of the iron and silica 
to basins which were wide but shallow and 
were separated from the open sea by low 
barriers. Sakamoto supposed that iron was 
delivered to the basin by surface runoff dur- 
ing the wet season, when the basin water was 
cool, acidic, and oxidizing, but that the iron 
remained in solution during this season; that 
silica was delivered to the basin by ground 
water, during the dry season, when the basin 
water was warm, alkaline, and less oxidizing, 
but that the silica was not precipitated at 
this time. He stated that iron was precipi- 
tated during the dry season (when condi- 
tions were less oxidizing) and that silica was 
precipitated during the wet season. The 
chemistry of the lake waters proposed by 
Sakamoto is subject to serious doubt in view 
of limnological information which is cited 
on subsequent pages. 

Tyler and Twenhofel (1952) expressed the 


opinion that the formations described by 
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Van Hise and Leith (1911), and listed on a 
foregoing page, actually are in part time- 
equivalents and grade into each other, 
rather than being entirely successive. Thus, 
it appears that quartzites, slates, and iron 
formations may have been deposited simul- 
taneously in different parts of the same 
basin. If this were true, it would not seri- 
iously affect the interpretation that the 
geomorphic condition of the region atthe 
time of deposition was one of maturity. 
The constituents of the sediments were 
mainly quartz sand, clay-sized material, 
and silica and iron, all products of extreme 
weathering. The coarser particles, sand and 
even larger particles, could be transported 
by streams of low gradient but large dis- 
charge. 

The proposal of Sakamoto (1950), sum- 
marized in foregoing paragraphs, was not 
well received by Tyler and Twenhofel (1952, 
p. 136-137), who pointed out that for 
various reasons it fails to explain the unique- 
ness of all the Precambrian banded iron 
formations. 

Tyler and Twenhofel noted that little or 
no magnesium or calcium carbonate is as- 
sociated with the iron carbonate deposits of 
the Huronian of Michigan, and considered 
it obvious that the waters in which the 
siliceous siderites were deposited could have 
contained little magnesium or calcium. 
They concluded that the basin of deposition 
must have had no or very restricted connec- 
tion with the open sea, so that the waters in 
the basin must have had a composition ap- 
proximating that of the indraining streams. 
They stated that the iron and silica de- 
posits are of fresh water and not of marine 
origin. Further, they stated that the segre- 
gation of the iron and silica into bands seems 
to be a primary feature and indicates some 
form of cyclic deposition, but that the band- 
ing could not be related to volcanisms be- 
cause the necessary regular periodicity can- 
not be assumed in volcanic activity. 

Twenhofel (in Tyler and Twenhofel, 
1952, p. 136-137) expressed the opinion 
that the uniqueness of the banded silica and 
iron formations in the Huronian must de- 
pend on a difference in the composition of 
the earth’s atmosphere between Precam- 
brian and later geologic times. He seemed to 
imply that an atmosphere with a lower 
oxygen content and richer in carbon dioxide 
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DEPOSITION OF BANDED IRON FORMATIONS 


was necessary to account for the deposition 
of iron carbonate. In anticipation of data on 
fresh-water lakes, to be presented in a sub- 
sequent part of the present paper, it may be 
pointed out that the lower layer of lake 
water in the summer is insulated from the 
atmosphere and generally is deficient in 
oxygen and may have a high carbon dioxide 
content. 

Krumbein and Garrels (1952) considered 
quantitatively the behavior of iron, and 
concluded that hematite is deposited at 
oxidation-reduction potential and pH values 
above a boundary which extends from an 
Eh of +0.16 and a pH of 6, to a point at an 
Eh —0.22 and pH of 9; that siderite is de- 
posited below this boundary but above a 
boundary which extends from Eh —0.11 
and pH 6, to a point at Eh —0.31 and pH 
of 9; below this boundary pyrite is depos- 
ited. They stated that the boundaries be- 
tween the fields of stability of hematite, 
siderite, and pyrite are essentially independ- 
ent of temperature, pressure, and composi- 
tion of the natural water system from which 
they precipitate. The amount of a particular 
mineral that will precipitate depends upon 
the amount of the constituents available but 
a change in deposition from one mineral to 
another will not take place unless there is a 
change in the Eh or pH of the environment. 

In normal sea water, where abundant cal- 
cium is present, calcite is deposited at a pH 
greater than about 7.8, throughout the en- 
tire range of possible Eh values. These 
calcite deposits will dilute and mask any 
iron precipitates, and for this reason Krum- 
bein and Garrels limited the field of deposi- 
tion of iron-rich sediments to a pH range 
below 7.8. While Krumbein and Garrels 
gave attention mainly to a normal marine 
environment, they stated that variations in 
salinity, from essentially fresh water 
through brackish water to the normal 
salinity of sea water would have only a 
minor effect on the mineral stability fields. 
In those fresh-water lakes which are low in 
calcium iron deposition in significant quan- 
tities may be expected at any attainable pH 
value above 6, as long as sufficient iron is 
available. 

James (1954) recognized oxide, carbon- 
ate, silicate, and sulfide facies of iron forma- 
tions. He stated that these facies reflect cer- 
tain aspects of the chemistry of the deposi- 
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tional environments. The major control, at 
least for the oxide, carbonate, and sulfide 
types, probably was the oxidation potential. 

James (1954, p. 243) argued for a marine 
environment of deposition of the banded 
silica and iron formations as follows: 

“1. The iron-formation and associated 
strata possess none of the attributes, such as 
predominance of coarse clastics and poor 
sorting, traditionally assigned to continental 
deposits.’’ The absence of these ‘‘continen- 
tal” attributes does not preclude deposition 
in a large body of fresh water. 

“2. The major iron-formation units... 
are sandwiched between lower Huronian 
quartzite and dolomite and upper Huronian 
graywacke, slate, and volcanic rocks. The 
lower Huronian is unquestionably marine, 
and the upper Huronian... is one of the 
classical assemblages found in geosynclinal 
tracts such as the Mesozoic of the Pacific 
Coast, where the weight of evidence indi- 
cates marine environment.”’ Even if the 
underlying and overlying rocks are unques- 
tionably of marine origin (and there is room 
for some doubt that all of them are), the 
middle Huronian rocks are not necessarily 
marine. 

“3. The pyritic slates associated with 
iron-formation proper in some areas may 
be of significance. ... The availability and 
fixation of ... a vast quantity of sulfur... 
suggests that the basin of deposition was 
connected to the open sea....’’ These 
rocks may be accepted as marine deposits, 
but this does not prove that the typical 
banded silica and iron formations of other 
areas are of marine origin. 

“4. Younger iron-rich strata, such as the 
Clinton formation, are similar in some im- 
portant respects to the Precambrian iron- 
formations. ... The marine origin of these 
beds is demonstrated beyond question by 
abundant fossils.’ These younger strata 
are not similar to the middle Huronian iron 
formations in the important matter of being 
banded silica and iron formations; therefore 
the marine origin of the Clinton strata does 
not prove marine origin of the banded for- 
mations. 

The specific environment postulated by 
James, restricted basins which were sep- 
arated from the open sea by thresholds that 
inhibited free circulation and permitted de- 
velopment of abnormalities in oxygen po- 
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tential and water composition, could ac- 
count for the kinds of minerals occurring in 
the iron deposits but not for the banded 
nature of the iron formations. 

Alexandrov (1955) reconstructed the geo- 
chemical environment favorable to the de- 
velopment of the Precambrian banded iron 
formations, and illustrated the reconstruc- 
tion with results of experiments with the 
leaching of iron oxide and silica at different 
temperatures, at different pH ranges, and 
in the presence of certain elements in solu- 
tion. He suggested that the banding of silica 
and iron minerals was caused principally by 
the selective weathering of the soil in differ- 
ent seasons; that seasonal changes of tem- 
perature, amount of precipitation, and pH 
caused the Precambrian soil to yield alter- 
nately solutions carrying to the basin of 
deposition almost exclusively silica during 
the warm season and chiefly iron oxide dur- 
ing the cool period of the year. 

Goodwin (1956), in discussing the Gun- 
flint Iron Formation, objected to weathering 
as a source of iron and silica on the following 
grounds: (1) a complete lack of maturely 
weathered residual material in the Gunflint 
area; (2) the difficulty of transporting ferric 
iron in surface waters to the site of deposi- 
tion followed by reduction to the ferrous 
state (as prevails in the Gunflint) without 
the aid of abundant organic matter (which 
is quantitatively absent in the Gunflint) ; (3) 
the improbability of an ‘‘abnormal”’ reduc- 
ing atmosphere during Gunflint time... ; 
and finally (4) the absence of Gunflint-type 
iron formations from all rocks younger than 
Precambrian in age. 

These objections may be answered as 
follows: (1) the residual soils of the source 
areas were destroyed in a later cycle; (2) 
organic matter may have been abundant 
in the basin of deposition without having 
been preserved in the sediments, because 
the organic matter had to be oxidized in the 
process of reduction of the iron. This is 
well illustrated by the bottom sediments in 
deep water in the present Great Lakes (see 
page 427). (3) An “abnormal” reducing 
atmosphere is not required. The hypolim- 
nion of a monomictic or dimictic lake is in- 
sulated from the atmosphere and may pro- 
duce its own reducing environment. (4) The 
absence of Gunflint-type iron formations 
from all rocks younger than Precambrian in 
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age could also be used as an argument 
against the hypothesis of direct magmatic 
contribution of iron and silica. 

Oftedahl (1958), in a paper dealing with 
various kinds of ores and their possible 
sources in volcanic emanations, revived 
the Van Hise theory of origin of the banded 
formations by direct contribution of iron 
and silica from magmatic emanations to the 
basin of deposition. He stated that, ‘‘The 
sharp and rhythmic banding which is 
frequent in iron formations may then be due 
to periodic, earthquake-governed bursts of 
iron-bearing gases and the quiet giving off 
of silicon-bearing gases or hydrothermal 
solutions in between” (p. 10). This hypoth- 
esis remains as a not-impossible mechanism 
of development of the banded formations, 
but the present writer regards it as an un- 
likely one. 

Huber (1958) developed new stability 
diagrams for the iron minerals hematite, 
magnetite, siderite, pyrite, and iron sulfide, 
in sea water systems. One of these diagrams 
is reproduced in figure 1 of the present 
paper. This is based on the carbonate 
equilibria as in normal sea water and on 
total sulfur as in average river and lake 
water. It shows the siderite zone extending 
up to a pH of 6 and the magnetite zone 
beginning there and extending to higher pH 
values. In his discussion of the environ- 
mental control of sedimentary iron minerals, 
Huber did not consider fresh-water lakes as 
a possible environment of deposition. How- 
ever, because salinity has a minor effect on 
the stability of the iron minerals considered, 
figure 1 may be used for an approximation 
of the stabilities of these minerals in lake 
water. 


SUMMARY OF THE PROBLEM 


The publications reviewed in the forego- 
ing pages provide a framework for con- 
sideration of the history of development of 
the Precambrian banded iron formations, 
which is summarized as follows. 

The banded silica-iron mineral forma- 
tions are chemical sediments. 

The banded iron formations especially, 
and some of the rocks with which they are 
closely associated, are products developed 
as a result of advanced weathering, prob- 
ably in a very mature geomorphic terrane. 

The iron and silica could have been de- 
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Fic. 1.—Stability fields for hematite, siderite, magnetite, pyrite, and iron sulfide (FeS) with 
carbonate equilibria as in normal sea water and total sulfur as in average river and lake water. (After 
Huber, 1958, fig. 5.) Because salinity has a minor effect, this diagram may be taken as an approxima- 
tion of the stability fields as in fresh-water lakes. 


rived by weathering of rocks in the water- 
shed, and direct contributions from magmas 
or lavas were not required. Iron-rich rocks 
such as greenstones and basalts were abun- 
dant in the source areas, but these are not 
considered absolutely essential as source 
materials. Weathering of a varied terrane 
under appropriate conditions is capable of 
providing adequate quantities of silica and 
iron, for transportation to the basin of dep- 
osition, to account for the volumes of 
materials occurring in the Precambrian iron 
formations. 

A seasonal alternation in production, by 
weathering, of silica and iron is possible, 
under appropriate conditions of temperature, 
pH, composition and quantity of surface 
water. 


Some present-day streams are carrying 
quantities of silica and iron which would be 
adequate to account for the iron formations; 
transportation of the materials thus seems 
to be quite adequately explained. 

The environment of deposition was not in 
normal marine water, but in a basin sep- 
arated from the sea, according to several 
writers. 

The precipitation of the various iron 
minerals which occur in the banded iron 
formations, including hematite, siderite, 
magnetite, pyrite, and even of hydrous fer- 
rous silicates, is controlled largely by the 
oxidation-reduction potential and to a lesser 
degree by the pH of the environment. The 
Eh and pH values required for deposition of 
all of these iron minerals are within the 
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ranges which occur in freshwater lakes. 

The principal item which is lacking from 
the foregoing synthesis pointing toward a 
fresh-water environment of deposition is a 
specific and detailed account of the mech- 
anism by which the appropriate chemical 
environments could be provided to account 
for precipitation of the various iron minerals 
and of silica, in alternate layers. 

Most geologists concerned with sedi- 
mentary processes are familiar with details 
of the marine environment, and write 
knowingly of such things as barred basins, 
euxenic environments and the like. It is the 
writer’s opinion that most geologists are 
unfamiliar with a large amount of informa- 
tion which is available on fresh-water lake 
environments. Limnologists, who are pri- 
marily zoologists and botanists, have been 
gathering this information over a period of 
many years but only summaries of it or 
occasional references to it have gotten into 
the geologic literature. Because a precise 
explanation of the manner of deposition of 
the Precambrian banded iron formations 
can be constructed from this body of limno- 
logic knowledge, a rather detailed discus- 
sion of it is presented here. 


THE LACUSTRINE ENVIRONMENT 


The fresh-water lakes of the North Tem- 
perate Zone have been studied in greatest 
detail, and the present discussion is based 
mainly on the studies of these lakes. Even 
in these temperate-zone lakes there is a 
variety of environments. Different lakes 
have different environments. There are dif- 
ferent environments in the same lake at 
different times of the year, and different en- 
vironments existing simultaneously in the 
open waters of the same lake, during a part 
of each year. 


The Annual Temperature Cycle and Its 
Effect on Density Stratification 


Marine water increases in density with a 
lowering of the temperature until the freez- 
ing point is reached. Fresh water, however, 
attains a maximum density at a temperature 
of about 4 degrees centigrade and further 
cooling results in a progressive decrease in 
density until the freezing point is reached. 
Lake water is warmed and cooled mainly by 
exchange of heat through the lake surface. 
Unlike water in a pot on a stove, which is 
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heated from the bottom, the water in a lake 
does not respond to the principal additions 
of heat by circulating. A temperate-zone 
lake of appreciable depth retains some water 
in its deepest part which is at or close to the 
temperature of maximum density through- 
out the year. The surface water tempera- 
tures range from the freezing point (in the 
winter) commonly to 15 degrees centigrade 
and to as much as 22 degrees centigrade (in 
the summer). Circulation of the water is 
produced mainly by wind stress on the sur- 
face, and circulation is limited almost en- 
tirely to a relatively shallow layer of water 
whenever the surface temperatures are ap- 
preciably higher or lower than 4 degrees 
centigrade. 


Dimictic Lakes of the Temperate Zone 


The annual cycle of temperature and 
density distribution in a typical lake in the 
Temperate Zone is illustrated in figure 2. 
For a brief period in the spring of the year 
the lake water is isothermal (has the same 
temperature from top to bottom) at, or 
close to, 4° C, the temperature of maximum 
density. Because the density of the water is 
essentially the same throughout the column, 
any circulation resulting from wind stress 
on the surface involves the entire column of 
water and the phenomenon known as 
“spring overturn” results (fig. 2A). This 
complete circulation involves the move- 
ment of surface water, whose dissolved gases 
are essentially in equilibrium with the at- 
mosphere, down to the bottom of the lake 
and the movement of bottom water to the 
surface, where it acquires atmospheric gases. 

As heat is added to the surface water dur- 
ing the spring that water becomes lighter. 
In a typical lake in most spring seasons a 
distinct layer of warmer water develops 
rather rapidly. When this occurs, the layer 
of warmer and lighter water can not be forced 
to greater depths and the wind-stress in- 
duced circulation is limited essentially to 
that layer. This initiates a summer stable 
condition (fig. 2B) in which the lake remains 
stratified, with warmer and lighter water of 
the upper layer (the epilimnion) continuing 
to circulate and with the lower water (the 
hypolimnion) remaining at a temperature 
close to the temperature of maximum den- 
sity and being isolated from the atmosphere 
and having little or no circulation. In this 
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Fic. 2.—The annual temperature cycle in dimictic lakes, or typical deep lakes of a temperate 
zone. (Reproduced from Hough, 1958, fig. 22, Geology of the Great Lakes, by permission of the Uni- 
versity of Illinois Press.) 
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condition the isolated lower water mass (the 
hypolimnion) may undergo’ important 
changes in its chemistry. 

During the autumn there is a net loss of 
heat from the lake, through its surface, and 
the temperature of the epilimnion (which re- 
mains well-mixed) gradually is lowered until 
it is close to the temperature of the hypo- 
limnion. As soon as the density differential 
between the two water masses is small 
enough, circulation of the entire column of 
water begins. This initiates the ‘‘fall over- 
turn” (fig. 2C), wherein the lake waters are 
thoroughly mixed and replenished in at- 
mospheric gases. 

The condition of fall overturn is ended, by 
additional loss of heat, when a surface layer 
of colder water develops. This water, being 
colder than 4° C, is lighter than the water 
helow it and it can not be forced to greater 
depths. The winter stable period (fig. 2D) 
is thus initiated. In this condition the lake 
remains stratified, with the colder and 
lighter water of the upper layer continuing 
to circulate as long as the lake remains un- 
frozen and with the lower water remaining 
at a temperature close to the temperature of 
maximum density and being isolated from 
the atmosphere and having little or no cir- 
culation. If the lake is completely covered 
with ice, the upper layer of water will be 
isolated from the atmosphere and will have 
no appreciable circulation, but it will remain 
as a distinct layer floating on the denser 
water below. 

The winter stable period is ended when the 
temperature of the upper layer of water in- 
creases to, or nearly to, that of the lower 
layer. When the density differential be- 
tween the two layers is small enough, circu- 
lation of the entire column of water begins 
(under the effect of wind stress). This initi- 
ates the spring overturn, with which the 
present account began. 

In summary, the typical medium- to 
large-sized fresh-water lake of a temperate 
climatic zone has two periods of complete 
circulation, when the water is isothermal, in 
spring and in autumn, and two periods of 
stability due to density stratification. Such 
lakes are termed “‘dimictic.’’ During the 
summer the stability is great but during the 
winter the stability is slight. 

The annual cycle as described in the fore- 
going paragraphs is somewhat idealized and 
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is a statement based on summaries in text- 
books of limnology (see, for example, Welch, 
1935, p. 45-46, Ruttner, 1953, p. 32-35, and 
Hutchinson, 1957, p. 534-540). Variations 
from the idealized cycle occur, principally 
involving the effects of rate of heating in the 
spring and rate of cooling in the autumn and 
the intensities of wind-stress at these times 
of instability. 


Atypical Dimictic Lakes 


The Great Lakes of North America, al- 
though lying in the North Temperate Zone, 
depart somewhat from the idealized tem- 
perate-zone lake. The effect of large surface 
area and considerable wind stress is a 
greater amount of circulation when the 
stability of the water is relatively low. As a 
result, the periods of overturn or complete 
circulation are of longer duration and the 
winter stable period is considerably shorter 
(Hough, 1958, p. 5). The behaviour of the 
Great Lakes thus approaches that of a 
typical sub-tropical lake, which is described 
in the following paragraph. 


Monomictic Lakes of the Sub-tropics 


The typical sub-tropical lake, according 
to Hutchinson (1957, p. 535), is a ‘‘warm 
monomictic”’ lake in which the stable strati- 
fication of the summer season alternates 
with a single annual period of complete cir- 
culation, in the winter season (fig. 3). In the 
idealized type of this lake the water tem- 
perature is never below 4° C at any level, 
and the water circulates freely during the 
winter at or above 4° C, 

A lake in a sub-tropical or a warm-tem- 
perate climatic zone may conform to the 
“warm monomictic’”’ type of behaviour even 
though the water temperature falls below 
4° C, if the lake has a large surface area and 
is under frequent strong wind stress. This 
behaviour can be effected by mixing when 
the temperature (and density) differential 
between the different levels is low. That is, 
when in the autumn the temperature of the 
epilimnion falls to within a degree or two of 
the temperature of the hypolimnion mixing 
can begin (under strong wind stress) and 
mixing can then continue as the tempera- 
ture of the entire column of water falls to two 
or three degrees below the point of maxi- 
mum density. If further cooling does not 
occur, the lake will continue to circulate in an 


i 


DEPOSITION OF BANDED IRON FORMATIONS 


WIND —— 


1 1 
40 50 60 
TEMPERATURE °F 


STRATIFIED WATER: SUMMER PERIOD 


LIGHTER WATER 


DENSER WATER 


! 
40 50 60 
TEMPERATURE °F. 


ISOTHERMAL WATER: WINTER PERIOD 


Fic. 3.—The annual temperature cycle in monomictic lakes, or typical 
deep lakes of sub-tropical and warm-temperate zones. 


isothermal condition throughout the colder 
part of the year. 

Some lakes are monomictic in some years, 
and dimictic in others, depending on the 
amount of heat lost in the cooler part of the 
year and on the amount of turbulence dur- 
ing the critical times of low stability of the 
water column. Tom Wallace Lake in Ken- 
tucky, lat. 38°05’ N., is an example of such 
a lake (Hutchinson, 1957, p. 441). 

The annual cycle in monomictic lakes, 
characteristic of subtropical, and occurring 
also in warm temperate climatic zones, 
makes this type of lake very appealing as a 
possible environment for the deposition of 
the banded iron formations. 


THE CHEMISTRY OF DIMICTIC AND 
MONOMICTIC LAKES 


When the water of a lake is isothermal and 
complete circulation is in progress the water 
is more or less thoroughly mixed and at- 
tains nearly the same properties throughout 
the entire column. Oxygen is brought down 


from the upper zone, and oxidizing condi- 
tions exist throughout the basin. When the 
water is stratified, especially during a sum- 
mer stable period, oxygen tends to be con- 
sumed in the lower zone by respiration of 
organisms and by the oxidation of organic 
matter, and reducing conditions may result. 
Along with the oxidation-reduction po- 
tential, other factors such as the pH may 
vary considerably in the lower zone of the 
lake. 

Because the dimictic lakes of the North 
Temperate Zone have been studied in 
greater detail, the chemistry of lake waters 
which is summarized in the following para- 
graphs is based mainly on that type of lake. 
The information relating to the summer 
stable period and to the autumn and spring 
periods of overturn in dimictic lakes is gen- 
erally applicable to monomictic lakes, in 
which a winter stable period is absent. 

The solution and precipitation of iron in 
lake waters is influenced strongly by both 
the oxidation-reduction potential and the 
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pH of the water; therefore, the variations in 
both oxygen and carbon dioxide are of im- 
portance. 

Oxygen and carbon dioxide are both ab- 
sorbed directly from the atmosphere, and 
also are obtained in other ways, principally 
through organic activity. Lake waters, when 
they are in equilibrium with the gases of 
the atmosphere, generally are saturated 
with oxygen and carbon dioxide during the 
periods of overturn. During the summer, 
when the surface zone is warmer, the solubil- 
ity of gases in that zone is markedly de- 
creased. If no other factors were involved, 
the oxygen and carbon dioxide concentra- 
tion curves would be essentially the reverse 
of the temperature curve, with low concen- 
trations in the upper, warmer waters, and 
higher concentrations below. Actually, how- 
ever, this distribution of oxygen is only 
rarely encountered. Much more common is 
an oxygen curve which parallels the tem- 
perature trace, and shows saturation or 
super-saturation in the upper layer and a 
decrease, in some places to zero, in the bot- 
tom water zone. 

Photosynthesis, by living plants, involves 
the use of carbon dioxide and the produc- 
tion of oxygen, while respiration produces 
carbon dioxide. In a 24-hour period there is 
a net production of oxygen in the upper, 
well-lighted zone. Deeper in the water, 
where less light penetrates, there is a level 
below which there is a net production of 
carbon dioxide. This level is the boundary 
between the “trophogenic’”’ (or upper), and 
the ‘‘tropholytic’”’ (or lower) zones. In gen- 
eral, the trophogenic zone is approximately 
coexistent with the epilimnion and the 
tropholytic zone is approximately coexistent 
with the hypolimnion. In the tropholytic 
zone there is a difference in behaviour in 
different lakes, depending on the total cal- 
cium content of the lake water. Before going 
into this, it is necessary to review the dis- 
tribution of carbon dioxide throughout the 
column of water. 

Carbon dioxide is absorbed directly from 
the atmosphere by lake water, but a more 
important source involves the mechanism of 
rain water, which brings some CO: from the 
air, then acquires more CO, from air trapped 
in humus in the soil, and then dissolves cal- 
cium from the soils and rocks of the water- 
shed, mainly as calcium bicarbonate in the 
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presence of carbonic acid. The bicarbonate 
content of the water flowing into a lake is 
thus dependent on both the carbon dioxide 
content of the water and on the calcium 
content of the earth in the watershed. Some 
areas of igneous rocks may yield more cal- 
cium than areas of limestone rocks. For ex- 
ample, in the northern approaches to the 
Alps the springs coming from lime-poor but 
impermeable soils are actually richer in lime 
than those coming from the limestone rocks 
of the mountains, where the rain water 
passes through the permeable rock rapidly 
and has little opportunity of being charged 
with CO, in the upper layers of the soil 
(Ruttner, 1953, p. 57). 

As is well-known, a solution of calcium 
bicarbonate is a complicated system with 
free carbon dioxide, carbonic acid which is 
partially dissociated, dissociated calcium 
bicarbonate, and hydroxide ions resulting 
from hydrolysis. The solution is weakly al- 
kaline in reaction. 

It has been found that many aquatic 
plants, in their photosynthetic activity, 
can take up both free CO. and HCO;- ions 
from the dissociation of calcium bicarbonate 


and substitute OH™ ions for these. A pH as 
high as 11 can be produced by this process, 


in shallow embayments with abundant 
vegetation. In larger bodies of water the 
breakdown of bicarbonate does not go so far 
because the water mass is too great in rela- 
tion to the assimilating plant material, and 
there is continual mixing of surface water 
throughout the epilimnion. The pH of sur- 
face waters of a typical large lake in the 
Temperate Zone is between 8 and 9 in the 
summer. 

The surface waters of many lakes are im- 
poverished in CO, during the summer, as a 
result of photosynthetic activity, and in 
calcium-rich lakes there is a precipitation of 
considerable amounts of calcium carbonate. 

Referring back to the ‘‘tropholytic”’ zone, 
the lower layer of water in which there is a 
net production of carbon dioxide, there is 
an increase in the carbon dioxide content 
of the water in a lake which is low in calcium 
and therefore a lowering of the pH. In such 
lakes, the hypolimnion may become acidic 
during the summer. 

In contrast, in a lake which is high in cal- 
cium the calcium carbonate precipitate pro- 
duced in the epilimnion settles into the 
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hypolimnion, reacts with the free CO, there, 
and thus maintains a relatively high pH. 

The total organic productivity of a lake 
has a very important effect on the chemical 
environment and on the nature of the sedi- 
ments deposited. Lakes are broadly classi- 
fied into two distinct types: eutrophic and 
oligotrophic. 

Eutrophic lakes are high in nutrients and 
thus have a relatively large crop of organ- 
isms. Oxygen production in the well-lighted 
epilimnion is high. Deeper in the lake, how- 
ever, any living organisms present use up the 
oxygen, and the large quantity of dead or- 
ganic matter settling from the upper levels 
consumes a large amount of oxygen during 
its decomposition. The extent of the oxygen 
deficiency in the hypolimnion of a tem- 
perate-zone lake is a fairly accurate measure 
of the productivity of the lake. Reducing 
conditions exist in the hypolimnion of most 
eutrophic lakes. 

Oligotrophic lakes, which are low in nu- 
trients, have a relatively small organic 


productivity, and therefore there is less 
consumption of oxygen in the hypolimnion. 
The waters of this lower zone may retain a 


small amount of free oxygen throughout the 
summer stagnant period. 

From this brief review, it may be seen 
that several variations of the fresh-water 
environment occur. All of these are well- 
documented by limnological studies. 


IRON 


Iron appears as a dissolved component in 
natural waters only under special circum- 
stances. The reason for this lies in its pecu- 
liar solubility relations and in particular be- 
cause it can be either bi- or tri-valent as 
the ferrous or ferric form. In general, iron 
in the ferric form is highly insoluble, while 
in the ferrous form it may be highly soluble. 
Cooper (1937) has shown that iron under 
reducing conditions, at a pH of 6, is 100,000 
times more soluble than it is under oxidizing 
conditions, at a pH of 8.5. 

Numerous studies of lakes in the Tem- 
perate Zone have shown that during the 
period of summer stability, when the 
oxygen content of the hypolimnion water 
sinks nearly to zero, or lower, all of the con- 
ditions necessary for the reduction of iron 
are present. In a lake of moderate to high 
organic productivity iron is reduced in the 


425 


suspended particles settling from above, 
and also in the bottom sediments, and it 
goes into solution in several possible forms; 
ferrous bicarbonate, sulfate, or ferrous- 
organic compounds. Throughout the dura- 
tion of the summer stable period the iron 
content of the hypolimnion increases and- 
reaches relatively high values. Solution, 
rather than deposition, is the rule. 

As soon as circulation begins in the au- 
tumn and oxygen is brought to the depths, 
the iron is oxidized and ferric compounds 
must be precipitated. Only a small amount 
of oxygen is needed. The precipitate, such 
as ferric hydroxide, can subside to the bot- 
tom before it is caught up by the circulation 
and transferred to the upper levels in sus- 
pension. Thus there need be no significant 
loss of iron through the lake’s outlet, and 
the total iron content of the lake will be 
sedimented on the lake bottom. The hypo- 
limnion of a eutrophic lake thus operates as 
a trap for iron. As soon as the next stagna- 
tion period begins and oxygen disappears 
from the bottom waters, the conditions for 
reduction to the ferrous state arise again at 
the boundary of the bottom ooze, and at 
least a part of the precipitated iron may go 
into solution. The greatest amount of iron is 
sedimented during the circulation periods. 

If the lower water contains hydrogen 
sulfide, a precipitation of ferrous sulfide 
can take place when the waters are alkaline. 
At lower pH, the ferrous sulfide is more 
soluble. The content of H.S in open lake 
waters generally is zero or negligible, how- 
ever, and a complete precipitation of iron 
through the agency of sulfide formation can 
scarcely occur. In most lakes, if iron sulfide 
occurs in the bottom sediment the iron 
probably was deposited in the ferric form 
during the periods of overturn and was later 
reduced and combined as a sulfide within 
the bottom sediment. 

The foregoing paragraphs discussing iron 
in lakes are based on Ruttner (1953, p. 74- 
79), and on Hutchinson (1957, p. 691-726). 

In summary of the foregoing discussion 
of iron in the fresh-water environment, it 
may be said that iron is not deposited, but 
tends to dissolve and remain in the water 
of the hypolimnion, during the summer 
season. This is especially true in a lake with 
a low calcium content and a relatively low 
pH in the hypolimnion. Iron is precipitated 
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in the ferric state and settles to the bottom 
during the periods of overturn. In a mono- 
mictic (sub-tropical to warm-temperate 
zone) lake there would be a simple alterna- 
tion between a period of precipitation of 
iron, in the winter, and one of non-precipita- 
tion in the summer. The particular iron 
mineral which is formed depends on the pH 
and Eh of the environment, as shown by 
Krumbein and Garrels (1953) and by Huber 
(1958). The stability fields of hematite, mag- 
netite, siderite, and pyrite all include the 
ranges of pH and Eh which occur in natural 
lake environments. 


SILICA 


The solution and precipitation of silica in 
the sedimentary environment is not well 
understood, and contradictory statements 
may be found in the recent literature on the 
subject. 

If we may resort to the precipitation of 
silica by organisms in order to explain the 
silica layers which are interbedded with 
iron, there is no difficulty. Ruttner, in 
Fundamentals of Limnology (1953), makes 
the following statements: ‘“‘A major decrease 
in dissolved silica is regularly found in the 
epilimnion of lakes after a bloom of dia- 
toms” (p. 83), and ‘‘In contrast to that of 
lime and iron, the precipitation of silicic 
acid from water always occurs firmly bound 
to living cells. It is well-known that the 
diatoms, whose siliceous shells in sinking to 
the bottom enrich the ooze with SiOs, are 
most important in this process, but under 
certain conditions the siliceous cysts of the 
flagellate group. .. play a role that is not 
to be underestimated. The greatest quanti- 
ties of diatoms are sedimented from the 
plankton of the pelagial region. For this 
reason the deep water sediments on the 
whole are richer in SiO. than the littoral. 
In lakes ...in which allochthonous sedi- 
ments are negligible, there remains after 
the destruction of the organic portion of the 
diatoms a more or less pure siliceous de- 
posit . 

This mechanism, if it existed in Pre- 
cambrian fresh-water basins, would be quite 
adequate to account for deposition of silica 
during various seasons, and it would thus 
give layers of silica which alternated with 
the layers of iron deposited during the cold- 
season overturn. 
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However, because there is no trace of an 
organic origin of the Precambrian silica 
bands, it is desirable to investigate the 
possibility of inorganic precipitation of the 
silica. 

Our knowledge of the behaviour of silica 
in the sedimentary environment is very in- 
adequate. The question of the origin of 
cherts is still not answered to the satisfac- 
tion of most geologists. Some cherts are 
definitely secondary, and others originated 
as primary deposits precipitated by organ- 
isms. The question still remains as to whe- 
ther some siliceous deposits are primary in- 
organic precipitates. Some writers favor this 
interpretation, for some deposits. 

The form in which silica occurs in water 
was assumed to be the colloidal state, by 
practically all investigators until very re- 
cently. However, Alexander, Heston, and 
Iler, in 1954, stated that a molybdate color 
test, which is rapid for simple silicic acid 
proves that silica is present in water in true 
solution, as H,SiO,. 

Correns, in 1949 (p. 210), indicated that 
the solubility of silica decreased slowly with 
decrease in pH from 11 to about 6.5, and 
that the solubility decreased more rapidly 
in the range from pH 6.5 to 4.5 (his graph 
of those relationships is reproduced on p. 
160 of Mason, 1958). Correns, in 1950 (p. 
51), showed a slow decrease in solubility of 
silica from pH 9 to pH 6, and a more rapid 
decrease from pH 6 to pH 5. 

Iler (1955, p. 45), reports that solutions of 
silicic acid or colloidal silica usually gel most 
rapidly within the range of pH 5 to 7. He 
shows a curve which is based on experimen- 
tal work by several investigators. He states 
further that the same conditions which 
promote gelling of the silica also promote 
the polymerization of silica to form pre- 
cipitates. 

Because a pH in the range of 5 to 7 is 
possible in the hypolimnion of a calcium- 
poor lake with low or moderate organic pro- 
ductivity, the data of Correns and of Iler 
suggest that precipitation of silica may oc- 
cur in such an environment. 

Krauskopf (1956, p. 4), however, in re- 
viewing the work of others, states that the 
work by Alexander, Heston, and Iler (1954) 
indicates that the solubility of amorphous 
silica is at least as great in acid as in dilute 
alkali, and Krauskopf’s own conclusion was 
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that the solubility of amorphous silica is 
little affected by changes of pH in the 
range 0-9, but increases rapidly as the pH 
rises above 9. 

The disagreement indicated in the fore- 
going paragraph can not be resolved in the 
present paper. 

Siever (1957, p. 838-839) has suggested 
that inorganic precipitation of silica in sur- 
face waters may have been a common oc- 
currence in earlier geologic time: ‘‘We may 
ask whether the silica cycle, at least that 
part of it involved in the sedimentary cycle, 
operated in the same way throughout the 
known history of the earth. . . [In the Pre- 
cambrian] the concentration of silica in sur- 
face waters may have been quite different 
from today.... We can suppose that the 
extensive weathering of silicate rocks by 
rain waters with an amount of CQ» dissolved 
somewhat higher than at present (Rubey, 
1951, p. 1124) would contribute much more 
silica to solution. . . than at present. At the 
same time there may have been no large 
population of  silica-secreting organisms 
that would biochemically precipitate silica 
and maintain low concentrations of silica in 
the oceans. .. . The diatoms and radiolaria 
had not yet evolved, and it is uncertain how 
early the siliceous sponges developed. 
Hence, ... we may postulate a primitive 
ocean that was saturated with Si(OH),. 
...As additional silica was added, amor- 
phous silica must have started to precipitate 
inorganically.’’ The same statements could 
be made in regard to precipitation of silica 
in lake waters, because there is little effect 
of ionic strength of aqueous solutions on the 
the solubility of amorphous silica, in the 
range of concentrations occurring in fresh 
water and sea water (Krauskopf, 1936). 

A possibility which should not be over- 
looked is that silica may have been de- 
posited at a more or less constant rate 
throughout the year; and that the iron, be- 
ing deposited only during the winter, so 
diluted the silica deposit of that season as 
to give an alternation between silica layers 
(summer deposit) and iron-rich,silica-poor 
layers (winter deposit).2 However, if the 
silica were precipitated inorganically from 
saturated solutions, and if the delivery of 


2 The writer is indebted to Dr. Robert M. 
Garrels of Harvard University for suggesting this 
possibility (personal communication, July, 1958). 
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silica from the source areas were limited 
mainly to the summer season (as proposed 
by Alexandrov, 1955), silica would have 
been deposited mainly during the warmer 
part of the year. 


BANDED DEPOSITS OF THE GREAT LAKES 


Rhythmic deposition of iron, in small 
quantitites, is well shown by deep-water 
sediments of the Great Lakes of North 
America. Kindle (1925, p. 48) described a 
core sample, 34 feet long, from a depth of 
615 feet in Lake Ontario, as composed of 
uniformly fine-textured ooze throughout 
and with alternating bands of black and 
buffish-gray color. The black bands range 
from ‘“‘the thickness of a sheet of coarse 
paper to } of an inch or a little more. The 
gray buffish bands between these vary from 
zs to 1 inch in thickness. ... When dry the 
colour is a uniform ash grey. The banding 
disappears after a half hour’s exposure to 
the air... . Diatoms are common through- 
out the sample.” 

The writer has found similar banded sedi- 
ment in the deep water of Lake Michigan 
(as reported briefly in Hough, 1958, p. 73), 
and in the deep water of Lake Huron. The 
upper several feet of clay are essentially 
homogeneous in texture but contain thin jet- 
black bands which range from a fraction of 
a millimeter to about 6 mm in thickness and 
are separated by gray bands which generally 
are slightly thicker. Differential thermal 
analysis of the black material, while it was 
still fresh, showed no organic matter but an 
exothermic reaction at about 450° C in- 
dicated the presence of iron sulfide. X-ray 
analysis showed that hematite appeared 
when the black-band material faded to a 
yellowish-gray color. In some of the core 
samples from Lakes Michigan and Huron 
the black-banded dark gray clay is overlain 
by several centimeters of rusty-brown 
banded yellowish-buff clay. The writer be- 
lieves that the iron is deposited in the 
oxidized state and that reduction takes 
place after burial. 

The amount of iron in the Great Lakes 
deep-water sediments is very small, and 
these sediments cannot be considered as 
iron formations. The banding of the sedi- 
ments, however, does illustrate the rhyth- 
mic precipitation of iron in a fresh-water 
environment. In the Great Lakes the 
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amounts of iron and silica in the lake waters 
are very slight. The concentration of silica 
averages about 2 parts per million (Ayers 


and others, 1956, 1958). 


PROPOSED ENVIRONMENT OF DEPOSITION 
OF PRECAMBRIAN BANDED 
IRON FORMATIONS 


The present writer proposes the following 
specific conditions to account for deposition 
of the middle ‘“‘Huronian’’ type of banded 
silica and iron formations. 

(1) The typical sequence of quartzite- 
slate-banded silica and tron formaiton was de- 
posited in a region of very mature geomorphic 
development. The clastic components of the 
sequence, quartz sand and clay, are typical 
products of a mature terrane. Weathering 
had already removed most of the oxides of 
calcium, sodium, magnesium and potassium 
from this terrane, but the less mobile 
oxides of silicon and iron remained to be de- 
livered to the basin of deposition. Where 
the quartzite-slate-chemical sediments are 
in sequence, they appear to record a progres- 
sion, late in a geomorphic cycle, from dep- 
osition of coarser-grained mature clastic 
sediments, to finer-grained clastic sediments, 
to chemical sediments essentially devoid of 
clastics. During deposition of this sequence, 
depth of water in the basin increased. If the 
quartzite, slate, and chemical sediments are 
in part time-equivalents, as suggested by 
Tyler and Twenhofe!, they still may be con- 
sidered as deposits in a region of very ma- 
ture geomorphic development. 

(2) The climate of tie region was sub- 
tropical to warm-temperate, with moderate to 
high rainfall. This climate resulted in the 
leaching of silica from the soils during the 
hotter part of the year, and of iron from the 
soils during the colder part of the year, as 
proposed and described in detail by Alex- 
androv (1955). The seasonal delivery, al- 
ternately, of silica and of iron to the basin of 
deposition is not here considered to be a 
primary cause of the banding of the iron 
formations, but it coincided with the periods 
of deposition of those materials as controlled 
by processes in the basin of deposition. 

(3a) The environment of deposition was a 
fresh-water lake, of sufficient depth to permit 
development of density stratification of the 
water in the summer and of sufficient area to 
insure good development of a typical annual 
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cycle. It had no connection with the sea, 
except for an outlet channel which per- 
mitted discharge but did not permit return 
flow from the sea. The presence of such a 
large fresh-water lake in a geomorpholog- 
ically mature region is considered as an 
improbable occurrence that, statistically, 
would be expected to happen only infre- 
quently. 

(3b) The annual cycle of the lake was of 
the monomictic type, with one period of stable 
density stratification in summer alternating 
with one period of complete circulation in 
winter. This monomictic pattern is typical 
of sub-tropical and warm temperate climatic 
zones. During the summer the warmer upper 
layer of water, the epilimnion, remained 
well-mixed, was saturated with oxygen, and 
had a relatively high pH, probably between 
8 and 9. The colder lower layer of water, the 
hypolimnion, was isolated from the at- 
mosphere and tended to develop an oxygen 
deficiency. During the winter the entire 
column of water had a temperature near the 
temperature of maximum density, and was 
well-mixed. It was saturated with oxygen 


and had a relatively high pH. 


(4) The basin of deposition had a moder- 
ately low organic productivity, owing to low 
concentrations of nutrients. This was deter- 
mined by its occurrence in a region of ma- 
ture geomorphic development, from which 


most of the available calcium, sodium, 
magnesium, potassium, and other more 
soluble materials had already been removed. 
Asa consequence of the limited productivity 
the lower layer of water in the summer de- 
veloped only a moderate oxygen deficiency 
which resulted in a moderate lowering of Eh 
of the water. 

(5) In summer the lower layer of water, the 
hypolimnion, had a relatively low pH because 
of a net production of carbon dioxide and a low 
calcium content. Because of the relatively 
low organic productivity, the net production 
of carbon dioxide was not large. The lower- 
ing of pH during the summer was, therefore, 
moderate, to between 5 and 7, 

Under the conditions outlined in the fore- 
going numbered paragraphs there would be 
a minimum of clastic sedimentation and the 
principal inorganic substances delivered to 
the basin of deposition in solution or in 
colloidal suspension would be iron and silica. 
Most of the more mobile oxides already 
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would have been removed from the source 
area, and alumina, considered by several in- 
vestigators to be less mobile than silica and 
iron (Steidtmen, 1908, p. 406; Leith and 
Mead, 1915, p. 16; Correns, 1949, p. 210; 
Pettijohn, 1957, p. 509), would have tended 
to remain in the source area, or possibly to 
have been transported as a component of 
clays. 

The amounts of iron and silica removed 
from the source area by weathering, under 
annual fluctuations of conditions in a sub- 
tropical or warm-temperate climate with 
moderate to high rainfall, would have been 
adequate to account for the volumes of iron 
and silica in the banded iron formations. 

In the environment of deposition which 
has been proposed, a fresh-water lake rela- 
tively low in nutrients (especially in cal- 
cium) and existing in a sub-tropical or warm- 
temperate zone, iron and silica would be 
deposited as follows. During the summer, in 
the epilimnion of the lake, iron would be 
oxidized and would precipitate, but on set- 
tling into the hypolimnion it would be re- 
duced and would go into solution; no de- 
position would occur. During the winter, 
when the water was uniformly cold and 
undergoing complete circulation, the iron 
would be oxidized to the ferric state 
throughout the lake and would precipitate, 
settling to the bottom. The largest amount 
of iron probably would be deposited during 
a relatively brief period at the beginning of 
the cold-season, when the summer’s ac- 
cumulation of iron in solution in the hypo- 
limnion was first exposed to oxygen- 
saturated water at the onset of complete 
circulation. Silica possibly was deposited by 
the agency of organisms, but more probably 
by direct inorganic precipitation. If, by 
either process, the silica were deposited 
more or less constantly throughout the year 
it would appear in the deposit as bands sep- 
arated by iron-rich, silica-poor bands of 
iron mineral. More silica may have been de- 
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posited during the warm part of the year 
because of the delivery of greater quantities 
of silica to the basin of deposition in that 
season, and also possibly because of a 
slightly lesser solubility of silica in the 
hypolimnion waters of the summer season. 

The particular iron mineral which would 
form would depend on the particular com- 
bination of pH and Eh of the environment. 
The fields of stability of the common iron 
minerals occurring in the banded silica and 
iron formations, namely hematite, siderite 
and magnetite, all include pH and Eh values 
which are attainable in the fresh-water en- 
vironment which has been described. 

The question immediately may be raised, 
why are there no deposits of banded silica 
and iron in the rocks younger than the 
“Huronian’’? The writer suggests that the 
particular combination of factors required 
by his hypothesis has not been repeated in 
later geologic time. Long-continued erosion 
tends to destroy lakes, and the presence of 
large and deep lakes in a very maturely 
weathered and eroded terrane is unlikely. 
Both the source area and the basin of de- 
position are required to be in a sub-tropical 
to warm-temperate climate. Further, there 
may have been a tendency toward greater 
concentration of silica in surface waters in 
Precambrian times because of a slightly 
higher carbon dioxide content ot the at- 
mosphere, as suggested by Siever (page 427). 

The hypothesis described here is intended 
to apply only to the typical banded silica 
and iron formations, in which the iron 
minerals are dominantly hematite, siderite, 
or magnetite. Some of the iron silicates, 
where they are included in the banded iron 
formations, and small amounts of pyrite, 
may possibly be included as deposits in a 
lucustrine environment. Deposits of calcium 
and magnesium carbonate and large quan- 
tities of pyrite are almost certainly of 
marine origin and these specifically are ex- 
cluded from the present hypothesis. 
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ABSTRACT 


The abundance of the alkali metals in 130 samples from the Gulf of Mexico was determined 
spectrographically. The results show that only a slight enrichment of rubidium with respect to po- 
tassium exists in the sediments while there is present a significant enrichment of cesium with respect 
to both potassium and rubidium. The potassium-sodium ratios indicate that these two elements are 
present in about the same proportions as in igneous rocks. The lithium abundance is similar to that 


found in igneous rocks. 


Thermal analyses suggest that rubidium is enriched with respect to postassium in the illite-rich 
sediments and that these sediments are relatively low in cesium. That a relatively high lithium content 
is associated with montmorillonite-rich sediments is also suggested. 

The alkali metal content of the sediments apparently does not vary systematically with depth below 
the present sedimentary interface or with distance from shore. In the sediments from the eastern 
part of the Gulf the distribution of all the alkali metals is similar. 

The results of the investigation suggest that much of the separation of the alkali metals and the 
enrichment of one with respect to another may occur during weathering and that the hydrated radii 
and ionic potential based on the hydrated radii are not the only factors which control the behavior of 
the alkali metals during the weathering and sedimentary cycles. 


INTRODUCTION 
Purpose of Investigation 


While the alkali metal content of sedi- 
mentary rocks is generally well-known, 
particularly for sodium and potassium, rela- 
tively few analyses are available for sedi- 
ments from the present oceanic areas. Our 
knowledge of the amounts of sodium and 
potassium present in sediments of all ages is 
moderately extensive, but it is limited in the 
case of the other alkali metals: lithium, 
rubidium, and cesium. To quote Rankama 
and Sahama (1949), ‘“‘The number of anal- 
yses [of rubidium and cesium] is still de- 
plorably small.” 

Canney (1952) and Goldschmidt, Bauer, 
and Witte (1934) investigated the distribu- 
tion of cesium and rubidium in sediments 
underlying present land areas. To the best 
of the author’s knowledge no analyses of 
rubidium or cesium have been reported for 
sediments forming currently on the bottoms 
of the oceanic areas. The availability of sam- 
ples from several environments of deposi- 


1 Based upon a dissertation submitted in par- 
tial fulfillment of the requirements for the degree 
Ph.D. from the Massachusetts Institute of 
Technology, 1952. Given in part at the S.E.P.M. 
Symposium on Geochemistry, St. Louis, April 
3, 1957. Manuscript received March 10, 1958. 


tion make possible the comparison of the 
alkali metal content of sediments from the 
various environments. 

Although the absolute occurrences of 
rubidium and cesium in sediments and sedi- 
mentary rocks are interesting in themselves, 
a complete understanding of the geochem- 
istry of these elements necessitates a study 
of the potassium and sodium in the same 
materials. Thus the occurrence of the entire 
alkali metal group is reported upon. 


Materials Used 


The majority of samples were obtained 
from cores taken in the western part of the 
Gulf of Mexico and from cores taken in the 
eastern part of the Gulf during cruises of the 
Atlantis from the Woods Hole Oceano- 
graphic Institution in 1947 and 1951 re- 
spectively. The first cruise was sponsored 
jointly by Woods Hole and the Geological 
Society of America (Stetson, 1949, 1953); 
the second was sponsored by Woods Hole. 
All of the coring on these two expeditions 
was outside the ten fathom line. The phys- 
ical nature of some of the sediments has 
been recently described by Greenman and 
Le Blanc (1956). 

The cores were sampled at the top, or as 
close to the top as possible, at approximately 
75 cm, and approximately 150 cm from the 
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Fic. 1.—Outline map of the Gulf of Mexico showing sample locations. 


top. Compaction during coring operations 
and shrinkage with the drying of the sedi- 
ments make these depths only approximate. 

Some of the samples were obtained from 
short cores (about 18 inches in length) which 
were taken primarily for the study of the 
foraminiferal content of the upper layers of 
the sediment on the bottom of the Gulf 
(Stetson, 1953, p. 6). Prior to the sampling 
by the author the upper two inches of the 
material had been removed from these short 
cores for study of the foraminiferal content. 
However, the material in each individual 
core seemed to be more or less uniform, and 
therefore it is believed that the sediments 
from these cores are representative of the 
material forming presently at the surface. 

A number of samples from within the ten 
fathom line were used. Some of these came 
from the east side of the Mississippi Delta; 
others came from the area of Atchafalaya 
Bay. Samples were obtained from San 
Antonio Bay near Rockport, Texas, and 
also offshore in the same area. For com- 
parison purposes seven composite samples 
were used. Figure 1 shows the locations of 
the various samples. 


ANALYTICAL PROCEDURES 


The emission spectrographic method us- 
ing a D.C. arc provides a rapid, reasonably 
accurate method for accumulating in a rela- 
tively short time a large amount of data on 
the abundance of elements in rocks and 


soils, particularly where the abundances of 
the elements are so smal! that the element 
cannot be detected by wet chemical meth- 
ods. This was the method used in the in- 
vestigation. The theory underlying the use 
of the spectrographic techniques is treated 
adequately in many reference books and 
need not be considered here. (See Ahrens, 
1950, for bibliography.) 

The following lines were used: Nasess, 
Kegoss, Rbzoiz, Lisixs, and Csgs1. Except for 
cesium, all of the elements were detectable 
using the lines indicated. In the case of 
cesium, the detection limit for the proce- 
dures used appeared to be of the order of 
0.0003% Cs.0, although no check was made 
to determine the limit precisely. 

A total energy method with cathode ex- 
citation was utilized in the study. Since the 
alkali metals all distill off in the early part 
of the burn, it is possible to stop the arcing 
before the sample has been completely con- 
sumed. 

The conditions under which the materials 
were arced were basically the same; how- 
ever, because of the physical and chemical 
nature of some of the samples, it was nec- 
essary to use three types of electrodes: }- 
inch pure carbon, }-inch pure graphite, and 
;-inch pure graphite. The samples were run 
in batches of 20 to 35 with each sample 
being analyzed in triplicate. Each batch had 
a set of standards to compensate for any 
variations from the “‘standard conditions.” 
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In the $-inch electrodes the sample weights 
varied from 6 to 11 milligrams. The 34-inch 
electrodes held about 30 milligrams. 

A step sector with a step height of 1.5 
mm and an aperture ratio of two was em- 
ployed in calibrating the plates. Seven full 
steps were effective. For the }-inch elec- 
trodes a current of three amps was used. For 
the ;%-inch electrodes a current of six amps 
was used. 

Eastman-Kodak D-19 developer was 
used to develop the photographic plates. It 
Was maintained at a temperature of 18° C, 
and the plates were left in the developer for 
43 minutes. 


Standards 


A standard granite and diabase (Fair- 
bairn and others, 1951) were used as the 
basic standards for the sodium, potassium 
and rubidium. 

Mixes of the granite and diabase were 
prepared to serve as standards. Lithium and 
cesium standards were made by adding to a 
1:1 mixture of the granite and diabase 
0.228% Li and 0.776% Cs in the form of 
chemically pure LisSiO; and CsCl respec- 
tively. This basic mixture was diluted with 
more 1:1 mixture of granite and diabase 
until a set of standards was developed which 
ranged in lithium content from 0.0269 to 
0.00388% Li,O and in cesium content from 
0.0413 to 0.00095% Cs.0. The cesium con- 
tent of the 1:1 mix was determined as 
0.0001% through the use of a standard 
addition plot. 

An additional sodium standard was pre- 
pared by mixing one part of the standard 
diabase with four parts of a plastic clay 
(U.S. Bureau of Standards No. 98) to ob- 
tain a mixture containing 0.76% Na.O. A 
1:1 mixture of the diabase and a potash 
feldspar (U.S. Bureau of Standards No. 70) 
provided a standard with 6.62% K.O. 


Sampling 


The Gulf of Mexico samples were taken 
from the cores by the author. Because most 
of the material had dried and become ex- 
tremely hard and tenacious, it was neces- 
sary to cut the samples out along the planes 
of stratification, and, depending upon the 
lithology, a large or small sample was ob- 
tained. 
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Sintering 


The samples were dried at 110°C, 
weighed, and then sintered in an electric 
furnace at a temperature of 450° C for an 
hour in order to remove organic material 
which would interfere with the smooth arc- 
ing of the materials. The weight loss on 
ignition is shown in table 11. 

F. C. Canney informed the author (oral 
communication, November, 1951) that he 
had encountered no loss of cesium or rubid- 
ium as a result of sintering sedimentary 
material at a 450° C. temperature. The 
Handbook of Chemistry and Physics (1945, 
p. 402) shows that there are no lithium com- 
pounds which boil below this temperature. 
Furthermore, it seems unlikely that any of 
the potassium and sodium compounds 
which are apt to be present in the material 
investigated will boil at the 450° C tem- 
perature. Canney (oral communication, 
November, 1951) found no loss of potassium 
on heating. Thus it seems safe to assume 
that the sintering process did not cause the 
loss of any of the elements. 


Computations 


Background corrections were necessary 
in nearly all instances. Such corrections 
must be made for each line because the 
background is not reproduced from arcing to 
arcing, even in the case of the same sample. 
Background corrections were made also for 
invisible background (Canney, 1952). 

The Seidel function (Nachtrieb, 1950) 
was used in drawing the partial character- 
istic curves. This function facilitates the 
determination of low values which fall on 
the curved portion of the characteristic 
curve if the usual method of plotting of 
d)/d vs. intensity (Ahrens, 1950) is chosen. 

The slope of the working curves ap- 
proached 45°, indicating that the slopes of 
the characteristic curves were reasonably 
accurate and that the background correction 
was essentially correct. 


ACCURACY AND PRECISION OF THE 
METHOD 


Standard Deviation 


The standard deviation for each method 
of arcing was determined for each element. 
From ten to fifteen arcings were made for 
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TABLE 1.—Standard Deviations 


4 Inch Pure Carbon Electrodes 
Average of 12 Analyses WG 542-B 
Standard Deviation 

% Standard Deviation 


$ Inch Graphite Electrodes 


Average of 17 Analyses WG 542-B 3.64 
Standard Deviation + 6.37 
% Standard Deviation +10 


H+ H+ 


3/16 Inch Graphite Electrodes 
Average of 10 Analyses EG 137-A 
Standard Deviation 

% Standard Deviation 


each. As may be seen in table 1, standard de- 
viations for each method are approximately 
the same. Only two samples were used in 
determining the standard deviation, but it is 
felt that the data obtained from them truly 
represent the preciseness of the method. 


Accuracy 


Because the accuracy of a method differs 
from its precision, a means of checking the 
accuracy of the determinations is desirable. 
Some thought was given to this problem, 
especially to the effect of compositional dif- 
ferences between the standards and the un- 
knowns. Checks were made on a flame 
photometer against the spectrographically- 
determined values for several of the sam- 
ples. It is believed that the spectrographi- 
cally-determined values are essentially cor- 
rect and that the systematic error due to 
compositional effects is probably within the 
limits of the standard deviation. Even if 
there is a significant systematic error, the 
abundance ratios are probably correct, since 
all the alkali metals behave similarly in the 
arc. 


ANALYTICAL DATA 


The soluble salts were not leached from 
the material analyzed prior to analysis for 
two reasons. The first is that the soluble 
salts are considered to be part of the 
sediment. Secondly, in the process of leach- 
ing the soluble salts some of the exchange- 
able elements might have been removed. 
Thus the analyses represent not only the 
quantity of the alkali metals in the sedi- 
mentary materials, but also the dissolved 


salts which remained behind when the 
water evaporated. (See section on the po- 
tassium-sodium ratio for further discussion 
of this point.) 

The spectrochemical results are listed in 
table 11. Histograms and scatter diagrams 
are used to illustrate the occurrences of the 
various elements from environment to en- 
vironment. Except for the rubidium-cesium 
relationships the scatter diagrams have all 
been prepared using the percentage of KO 
as the abcissa and the percentage of the 
oxide of the other element as the ordinate. 
This manner of drawing the diagrams was 
chosen because rubidium and cesium follow 
potassium geochemically, and because a 
common standard of comparison is de- 
sirable. 


Average Values 


The spectrochemical results have been 
broken down into eight parts: VLB samples, 
San Antonio Bay, Rockport-Offshore, 
GR7PB, Mississippi Delta samples, Globi- 
gerina Oozes, Gulf of Mexico samples, and 
Composites. Table 2 lists the averages for 
the elements reported as oxides in each of 
these environments, together with pertinent 
abundance ratios based upon these average 
percentages. 

Comparison of the averages indicates that 
the near-shore environments of the Gulf 
Coast are significantly lower in sodium, po- 
tassium, and rubidium compared to the 
sediments from the Gulf of Mexico proper. 
The sample from the Guadalupe River, 
near Corpus Christi, has an especially low 
alkali metal content. 
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K:0 Rb:O Cs,0 
3.79 4.01 0.040 0.016 0.0018 

0.32 + 0.57 + 0.0064 0.0014 + 0.00029 

i 8.5 +14 +16 8.7 +16 

; 3.35 0.037 0.019 0.0013 

+ 0.47 + 0.0056 0.0027 + 0.00022 

+14 +15 14 +17 

4 4.3 2.87 0.037 0.019 0.0010 

: + 0.58 + 0.45 + 0.0049 + 0.0024 + 0.0022 

+13.5 415.7 +13 +13 +22 
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TABLE 2.—Average values by environment 


No. of 
Samples 


Na,O 


Percent 


Rb:O Cs,0 Li,O 


VLB 

San Antonio Bay 
Rockport-Offshore 

GR 7 PB 

Miss. Delta 

Globigerina Oozes 

Gulf of Mexico (exclusive of oozes) 
Composites 


2.09 


0.026 
0.025 
0.025 
0.008 
0.012 
0.026 
0.036 
0.017 


0.00052 
0.0013 
0.00054 
0.00039 
0.0003 
0.00093 
0.0081 
0.00043 


0.013 
0.017 
0.0089 
0.0044 
0.0081 
0.013 
0.014 
0.0091 


Ratios 


K:0 


VLB 
San Antonio Bay 


Rockport-Offshore 
GR 7 PB 


Miss. Delta 

Globigerina Oozes 

Gulf of Mexico (exclusive of oozes) 
Composites 


3509 
1480 
3200 
1080 
3040 
2290 
3580 
3330 


Gulf of Mexico Samples, exclusive 
of Globigerina Oozes 

Examination of the histograms in figure 2 
indicates that the bulk of the sodium and 
potassium contents are distributed over sev- 
eral percentage classes. The rubidium and 
lithium histograms show that each of these 
elements is concentrated in one percent 
class. Almost 50 percent of the samples have 
their rubidium content concentrated within 
the 0.035-0.040 percent Rb.O class while al- 
most 30 percent of the lithium content is 


concentrated within the 0.014-0.016 per- 
cent Li.O class. The histogram of the cesium 
content indicates that 40 percent of the 
samples contain between 0.0006 and 0.0010 
percent Cs,0. 

Histograms have also been prepared for 
the potassium-rubidium, potassium-cesium, 
potasssium-sodium, and rubidium-cesium 
ratios (fig. 3). The histograms for the po- 
tassium-sodium and for the potassium- 
rubidium ratios show definite peaks. The 
former is in the 0.80-0.90 class, and the 


FREQUENCY 


25 35 425 


GULF OF MEXICO 
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Fic. 2.—Histograms of oxide percentages, 
Gulf of Mexico sediments exclusive of oozes. 
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Fic. 3.—Histograms of oxide ratios, Gulf of 
Mexico sediments exclusive of oozes. 
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latter is in the 70-80 class. The potassium- 
cesium ratios appear to be concentrated in 
the 3000-3500 class, although the distribu- 
tion seems to be somewhat irregular and 
asymmetrical toward the higher values. The 
rubidium-cesium ratios exhibit a moderately 
wide range of distribution with the main con- 
centration of the ratios in the 45—50 class. 
The asymmetric distribution seen in this 
histogram as well as in the potassium- 
cesium histogram suggests that perhaps the 
cesium is concentrating in the sediments 
with relation to the rubidium and potassi- 
um. The higher values approach the ratios 
of the elements in igneous rocks. 

Scatter diagrams for the various elements 
indicate that there is a general correlation 
between the potassium and the sodium of 
the samples, a good correlation between the 
potassium and rubidium, a moderately good 
correlation between the potassium and 
cesium, and a good correlation between the 
rubidium and cesium. There is no correla- 
tion between the lithium and either the 
sodium or the potassium. It has been found 
through experience (Rankama and Sahama, 
1949) that lithium follows magnesium in the 
weathering cycle; hence it is not surprising 
to find a lack of correlation of lithium with 
the other alkali metals. 


Globigerina Oozes 


The histograms (fig. 4) for the globigerina 
oozes indicate a rather wide range of alkali 
metal content in the 19 samples recognized 
as globigerina oozes. The main mode of the 
potassium-sodium ratio is in the 0.60-0.70 
class while the potassium-rubidium ratios 
are concentrated dominantly between 70 
and 100. Those oozes containing cesium in 
measurable concentrations have potassium- 
cesium ratios which vary from 2500 to 
3500. The rubidium-cesium ratios in the 
same samples vary from 26 to 64 with the 
main concentration of values being between 
30 and 35. 


Mississippi Delta Samples 


Because of the relatively small number of 
samples used from this environment, scatter 
diagrams are utilized to illustrate the rela- 
tions (fig. 5). The correlation between the 
potassium and the other four alkali metal 
elements is relatively good. Study of the di- 
agrams indicates that a concentration of po- 
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Fic. 4.—Histograms of oxide percentages 
and ratios for globigerina oozes. 


o20- 


-010 


MISSISSIPPI DELTA 


Fic. 5.—Scatter diagrams for VLB, Rockport, 


San Antonio Bay, and composite samples. 


tassium between 0.25 and 1.0 percent K,O 
exists in these samples while the rubidium 
content is concentrated dominantly between 
0.008 and 0.010 percent Rb:O. The bulk of 
the samples contain cesium in non-detect- 
able or trace quantities. The lithium con- 
tent is widely scattered, although there 
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NEAR-SHORE SAMPLES 


Fic, 6.—Scatter diagrams for Mississippi 
Delta samples. 


seems to be a particular concentration 
within the 0.006 to 0.008 percent Li,O range. 
Sodium is concentrated within the 1.25—2.0 
range, with a particular concentration be- 
tween 1.50 and 1.75 percent Na,O. 


The San Antonio Bay, Rockport- 
Offshore, and VLB Samples 


The data for the alkali metal content of 
the samples from these three areas have 
been combined into one series of scatter di- 
agrams (fig. 6) with the data from each area 
being indicated by the different symbols. 

Comparison of the scatter diagrams for 
the VLB and San Antonio Bay samples 
with the scatter diagrams for the Mississippi 
Delta samples indicates that there is a lesser 
degree of correlation between the sodium 
and the potassium in the former than in the 
latter. The Rockport-Offshore ratios show 
extreme variance. 

Correlation between the potassium and 
rubidium of the VLB samples is good while 
the correlation between these two elements 
in the San Antonio Bay samples is only 
fair. The potassium-cesium scatter diagram 
shows that the potassium and cesium con- 
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tents of the VLB samples possess a moderate 
degree of correlation while the potassium 
and cesium values of the other samples are 
not so closely related to each other. 

In the VLB samples and the San Antonio 
Bay samples the sodium occurs predomi- 
nantly in percentages less than 2.0 percent 
Na,O; the rubidium has a fairly even dis- 
tribution, falling principally between 0.025 
and 0.030 percent Rb2O; potassium is con- 
centrated between 1.5 and 2.0 percent K.O. 
The sediments are low in cesium, over 40 
percent containing less than 0.0006 percent 
Cs,0. The lithium is concentrated between 
0.010 and 0.014 percent Li,O, 

The potassium-sodium_ ratios center 
around 1.0. The potassium-rubidium ratios 
fall mainly between 65 and 70, although 
they are distributed from 50 to 95. The po- 
tassium-cesium ratios are more or less 
evenly distributed between 1000 and 6000. 
As may be deduced from the rubidium- 
cesium scatter diagram, the rubidium- 
cesium ratios in the San Antonio Bay and 
the VLB samples differ considerably. The 
average for the San Antonio Bay samples is 
20 whereas the average for the VLB samples 
is 55. 

The relations of the composite samples 
are also indicated in figure 6. Study of the 
lithium content of these samples (table 11) 
indicates that the Lower Eutaw and the 
Selma Chalk are markedly enriched in 
lithium compared with the rest of the com- 
posites. 


VARIATIONS WITH DISTANCE FROM 
SHORE AND WITH DEPTH 
OF BURIAL 


Consideration was given to possible sig- 
nificant abundance differences with distance 
from shore and with depth of burial. Two 
traverses were used in this study: the Ship 
Shoal Traverse from the western part of the 
Gulf and the Mobile II Traverse from the 
eastern part of the Gulf (fig. 1). No sys- 
tematic variation in the alkali metal content 
with depth and/or distance from shore was 
detected along either of these traverses. 
While no definite relationship with depth is 
found along these two traverses, when con- 
sideration is given to all of the Gulf of 
Mexico samples (44 surface samples, 29 
from 75 cm and 24 from 150 cm) the data 


seem to suggest an increase in rubidium 
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content in the deeper materials. There seems 
also to be a suggestion that the deeper sedi- 
ments as a whole may contain slightly less 
cesium than those nearer the surface. 

The Mississippi Delta samples exhibit no 
systematic increase with depth below the 
surface; just about as many increase in their 
alkali metal content with depth as decrease. 
The tendency, if any can be said to exist, is 
for the alkali metal content to decrease with 
depth in the VLB samples. 

Consideration of the areal distribution of 
the surface samples from the eastern part of 
the Gulf together with their alkali metal con- 
tent indicates a similar general pattern of 
distribution for all. The alkali metal content 
of the sediments increases towards the cen- 
tral part of the Gulf of Mexico, especially in 
the region of Latitude 26° N, Longitude 
86° W (fig. 1). The apparent explanation of 
this phenomenon is the fact that the sedi- 
ments west of Longitude 86° W are pre- 
dominantly clay whereas those sediments 
occurring east of this longitude are com- 
posed predominantly of calcareous matter. 

The lithium content of the sediments de- 
creases rather sharply away from the mouth 
of the Mississippi River, and the decrease 
continues outward from the delta. An initial 
decrease in the alkali metal content of the 
samples near the delta is noted for all of the 
other elements, but the percentages of the 
elements other than lithium soon begin a 
general increase towards the center of the 
Gulf. 

The nature of the potassium-rubidium 
ratio distribution indicates a concentration 
of rubidium with respect to potassium from 
the Mississippi River Delta toward Mobile, 
Alabama. Also there is a suggestion that 
rubidium concentrates slightly in the sedi- 
ments landward from Latitude 28° N, 
Longitude 86° W. The deposits in this area 
are globigerina oozes. 


CLAY MINERALS AND ALKALI METAL 
CONTENT 


Prior to undertaking the spectrographic 
phase of the investigation, the author ex- 
amined most of the samples with a binocular 
microscope in order to determine their gen- 
eral lithologic characteristics. The materials 
as a whole are so fine grained that even with 
use of the highest magnification available on 
the microscope only the partial mineral 
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composition could be determined. Never- 
theless, it was found possible to separate 
those samples which are composed primarily 
of clay minerals from those which are com- 
posed of clay- to silt-size fragments of min- 
eral grains. 

In addition to the examination with the 
binocular microscope some of the samples 
were examined with a petrographic micro- 
scope using oil immersion techniques. Dif- 
ferentiation between quartz and feldspar 
and between the various feldspars was the 
object of most of the petrographic work. It 
was found possible to accomplish this ob- 
ject through the proper choice of immersion 
oils. 

Fifteen samples were analyzed with differ- 
ential thermal equipment. The results are 
listed in table 3. The percentages of clay 
mineral present are probably accurate to 
+ 15%. Table 4 gives the samples thermally 
analyzed and the various ratios of the ele- 
ments for each. The equipment used is not 
sufficiently sensitive to indicate the pres- 
ence of very small percentages of either 
quartz or clay minerals; perhaps the mini- 
mum quantity that it will indicate is be- 
tween 5 and 10% of each. However, this 
limitation did not affect the results of the 
investigation, for none of the samples con- 
tain less than 10% clay mineral. Most of 
the samples of high clay content probably 
contain a small percentage of quartz (less 
than 5%), but this quantity is insignificant 
compared to the other components. 

While the data appear to be insufficient to 
draw any positive conclusions regarding the 
relationship of the alkali metals and the clay 
components of the sediments, it is thought 
that some general trends exist. 

Those samples with a potassium-rubidium 
ratio of less than 65 are predominantly illite 
with the single exception of the Rockport- 
Offshore sample (J-35-A) which contains 
only about 20% clay mineral. The samples 
which contain illite but which possess a 
larger potassium-rubidium ratio all contain 
detrital grains of intermediate plagioclase. 
It is suggested that the higher potassium- 
rubidium ratio is related to the feldspar 
content and the lesser amount of clay min- 
eral. The lower potassium-rubidium ratios 
probably represent a tendency for the rubid- 
ium to concentrate in illite relative to 
potassium. 
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TABLE 3.—Results of differential thermal analyses 


Sample No. Clay Minerals and Percent 


Petrographic Description 


WG 140-A 
— 00% 


WG 145-B 
WG 485-A 


Montmorillonite 80-90% 
Illite—50% 


WG 538-A 


0% 


WG 538-B 
montmorillonite—60% 


WG 542-A Illite—70% 


WG 542-C __IIlite—70-80% 
WG 549-B 
tion of carbonate—30% 
Ilite—50% 
Illite—30-40% 


Illite—50% 


Mixture of montmorillonite and illite 


Montmorillonite ? small amount of 


kaolinite—50% 


Ilite—20% 


Illite (?) Low exothermic peak at 
725° 


Mixture of montmorillonite and illite 


Illite? May be a mixture of illite and 


Montmorillonite and moderate por- 


Gray clay with significant amount of undiffer- 
entiated feldspar 


Light gray clay 


Coarse, brownish gray clay; moderate amount 
of feldspar present 


Light gray clay; plagioclase approximately 
composition of andesine 


Gray clay about 50% of sample; some feldspar 
present 


Clay minerals dominant; plagioclase of inter- 
mediate composition 


Pure clay mineral; may be some carbonate pres 
ent 


Whitish clay with a moderate percentage of 
carbonate 


Gray clay with some feldspar and less than 5% 
quartz 


Gray clay with less than 5% silt-size quartz 
grains 


Dark gray clay; albite-oligoclase feldspar; 5% 
silt-size grains of quartz 


Dark gray clay with rare silt-size quartz grains; 
intermediate plagioclase 


Red clay with frosted quartz grains up to 0.08 
mm; nonclay fraction mostly intermediate 
plagioclase 


Reddish buff clay; large proportion is albite- 
oligoclase; some quartz 


The samples containing illite are as a 
group slightly lower in potassium than the 
other samples; WG 542-A is particularly 
low in potassium. The illite group of clay 
minerals is generally thought to provide the 
sites for fixation of potassium in the sedi- 
ments. This apparent relationship between 
low potassium content and high illite con- 
tent does not agree with our present knowl- 
edge of the chemical constitution of the 
illite group. 

Because of the similarity of the peaks for 
montmorillonite and illite it is possible that 
the thermogram of WG 542-A was inter- 
preted incorrectly. This sample may actu- 
ally be a mixture of montmorillonite and 


illite. If it isa mixture, the relatively low po- 
tassium content may be accounted for. 
Grim, Dietz, and Bradley (1949) have 
suggested that illite may be brought into 
the marine environment in a ‘“‘degraded”’ 
form, there to be changed into ‘‘normal” 
illite by adsorption of potassium from sea 
water. The potassium is removed from the 
illite during the weathering processes, and 
the ‘‘degraded”’ material is transported to 
the oceans before it regains its potassium. 
Another suggested reason for the low po- 
tassium content in WG 542-A is that the 
illite in this particular sample may not have 
adsorbed its full capacity of potassium from 
the sea water and that the material is thus 
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TABLE 4.— Ratios for samples analyzed 
thermally 


K,0 


Sample No. 
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TABLE 5.—Ionic and hydrated radii 


WG 140-A 
WG 145-B 
WG 485-A 
WG 538-A 
WG 538-B 
WG 542-A 
WG 542-C 
WG 549-B 
EG 9-A 
EG 12-A 
EG 15-A 
EG 99-A 
EG 111-B 


J 35-A 0.51 


lower in potassium than the illite content 
would indicate. 

The sodium content of the sediments 
shows no particular relationship with the 
type or the quantity of clay mineral present 
in a sample. The lithium content of all the 
samples analyzed thermally is approxi- 
mately the same, although there may be a 
slight tendency for the lithium to concen- 
trate in the samples containing montmoril- 
lonite and mixtures of montmorillonite with 
illite or kaolinite. The illite-bearing samples 
are as a whole lower in Cs,O than the other 
samples. The potassium-cesium ratios are 
higher, indicating that there is less con- 
centration of cesium in relation to the po- 
tassium in these materials than in the 
others. There is no definite correlation be- 
tween the clay mineral and the rubidium- 
cesium ratios, although a tendency to 
higher values may possibly be indicated. 


IONIC POTENTIAL AND HYDRATED 
RADII 


For a discussion of the basic geochemical 
principles involved in interpreting the re- 
sults of the spectrochemical analyses, the 
reader is referred to the work of Rankama 
and Sahama (1949). Here he will also find 
a discussion of the occurrence of the alkali 
metals in igneous rocks as well as a discus- 
sion of their respective geochemical cycles. 
However, it is believed that some note 
should be made here of the theoretical role 
of ionic potential and the hydrated radii. 


In the process of weathering one of the 
important agents is the hydration of the 
minerals of the rocks and hydration of the 
elements which comprise the minerals. The 
alkali metals are among the most soluble of 
the elements, and being easily hydrated, 
they are removed early from the rock-form- 
ing minerals. Because of their relative ease 
of hydration, the alkali metals do not be- 
have during the weathering and the sedi- 
mentary cycles in the manner expected from 
consideration of their ionic radii and ionic 
potential based upon their ionic radii 
alone? If they followed the geochemical 
paths suggested by their ionic potentials, 
lithium would be relatively enriched in the 
sediments over the other alkalies and cesium 
would be a significant trace element in sea 
water. However, according to present knowl- 
edge, cesium is concentrated in sediments 
in relation to lithium. Instead of the ionic 
radius being the controlling factor, the hy- 
drated radius of a given ion apparently con- 
trols the behavior of the element in the sedi- 
mentary cycle. Table 5 gives the ionic radii, 
the hydrated radii, and the ionic potentials 
based upon these radii. 

Boyd and others (1947) have indicated 
that the hydrated radius of cesium is essen- 
tially equal to its ionic radius; hence in the 
table the ionic potential based on the hy- 
drated radius is actually the ionic potential 
of the ion itself. It may be seen that the 
order of decreasing hydration is Li> Na> 
K> Rb> Cs and that the relative hydra- 
tion decreases with increasing atomic 
weight. 

Because of the small difference between 
the ionic potentials based on the hydrated 


2 lonic potential =Z/r, where Z =valence and 
r=radius. 


4 = Hydrated Z Z i 
Na2,O Rb-O Cs2O (Gedroiz) h 
el 1.01 75 2150 29 Li 0.68 3.65 1.47 0.274 
qt 1.16 100 2380 24 Na 0.98 2.80 1.02 0.358 
ae 1.03 101 2210 22 K 1333 1.90 0.752 0.526 
i 0.86 77 2910 38 Rb 1.47 1.80 0.680 0.555 j 
“hae 0.71 58 2370 41 Cs 1.67 (1.67) 0.600 0.600 

0.53 59 3620 62 
te 0.92 60 2770 46 
et 0.84 75 3390 45 
ae 0.89 61 3540 58 
1 0.75 71 3050 43 

fet 1.04 86 2440 39 
106 6320 60 

1 | 
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TABLE 6.—Alkali metal content of sea water 


(Svedrup and others, 1942) 
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TABLE 7.—Alkali metals left on evaporation of 
sea water (Assuming 100% water content) 


Elanent Content in Sea Water 


radii, rubidium and potassium should follow 
one another closely in the sediments. 
Cesium and rubidium should exhibit close 
geochemical coherency also. On the basis of 
Z/t, (where Z=valence, r,=hydrated ra- 
dius) potassium, rubidium, and cesium 
should concentrate in the sediments in rela- 
tion to both sodium and lithium. Further- 
more, sodium should show a greater relative 
concentration in the marine sediments than 
lithium. 


GENERAL DISCUSSION 


The discussion that follows will be con- 
cerned with evaluation of the analytical re- 


sults and the relation of these results to our 
present knowledge of the abundances of the 
alkali metals in sediments and in igneous 
rocks. Emphasis will be given to the discus- 
sion of the various ratios since these prob- 
ably are not affected by any systematic 
error present in the determinations of abso- 
lute abundances. 

Meager knowledge of the sedimento- 
logical processes and products in the various 
areas from which the samples were obtained 
requires that the discussion be confined to a 
description of the occurrences of the ele- 
ments and that only very general relation- 
ships to lithology be pointed out. Because 
of the several environments from which the 
samples came, it is believed possible to 
point out some general relationships be- 
tween the sedimentary environment and the 
alkali metal content. In large part the actual 
relationships are functions of the proven- 
ance of the sediments as well as the environ- 
ment of deposition. The provenance of some 
of the sediments is known in a general way; 
for some of the other materials the proven- 
ance cannot even be inferred. 

The Rockport samples, the VLB samples, 
and the Mississippi Delta samples are from 


Element Weight Percent 


the Pleistocene and Recent area of the Gulf 
of Mexico (Lowman, 1949). The samples 
from both the western part and the eastern 
part of the Gulf of Mexico come from areas 
of detrital shelf sediments, from the deeper- 
water sediments of the continental slope 
and Sigsbee Deep, and from the carbonate 
shelf sediments. However, except for the 
separation of the carbonate materials from 
the others there has been no lithologic dif- 
ferentiation between the detrital shelf sedi- 
ments and the deeper water sediments of the 
continental slope and the Sigsbee Deep. 


Effect of Dried Salts on Results 


Before discussion of the various ratios can 
properly be undertaken, it is necessary to 
consider the abundance of the salts left be- 
hind when the water in the cores evapo- 
rated. Table 6 summarizes the alkali metal 
content of sea water. 

Stetson (oral communication, March, 
1952) advised the author that the water 
content of the sediments at the top of the 
cores ranged from 20 to more than 200% 
of the dry weight of the sample. That is, if 
there are 100 gm of sedimentary material 
present in a given part of the core and its 
water content is 200%, there are present 
200 gm of water in addition to the sedimen- 
tary material. 

If the assumption is made that the aver- 
age water content of the sediments is 100%, 
calculations show that the amounts of the 
alkali metals indicated in table 7 are left 
behind when the water evaporates from the 
sediment. These values show that only the 
sodium abundance value is affected ma- 
terially by the presence of salts remaining on 
evaporation of the water. 

Because of a wide variation in water con- 
tent, depending upon the amount of clay 
present in the sediment, it is impossible to 
correct the sodium content of the sample for 
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TABLE 8.—Average values corrected for sodium of sea water, assuming water content = 100% 


Average 
Na,O 
Content 


Samples 


Average 


Content 


Corrected 
NavO 
Content 


Na,O corr. 


East Gulf 
West Gulf 
Globigerina Oozes 


3.47 
3.06 
3.57 


2.93 
2.85 
2.01 


2.03 
1.62 
2.13 


1.44 
1.76 
0.99 


the sodium left as salts when the water 
evaporated. However, as a matter of inter- 
est, the average sodium contents of the 
Gulf of Mexico sediments have been cor- 
rected assuming that the water present in 
the materials at the time they were cored 
was 100 percent of the dry weight (Na,O = 
1.44%). This assumption for the average 
water content may be incorrect, but it is 
thought to be of the proper order of magni- 
tude (table 8). 

It may be seen that the potassium-sodium 
ratios are affected markedly by such a cor- 
rection and that they approach more closely 
the sodium-potassium ratio of shales com- 
puted from the average chemical composi- 
tion. 

A relatively high sodium content in the 
globigerina oozes may possibly be explained 
by the fact that certain types of organisms 
concentrate sodium. Said (1951) has demon- 
strated that certain organisms possess the 
ability to concentrate sodium. He found 
that some calcareous foraminifera have the 
ability to concentrate sodium in amounts of 
from 0.63 to 0.95 percent Na,O. In the same 
materials he found that the potassium was 
not appreciably concentrated and_ that 
lithium was not detectable. 


Potassium-Sodium Ratio 


The potassium-sodium ratios of the 
marine sediments center around the 0.8- 
0.9 class. This figure is in close agreement 
with the potassium-sodium ratio of 0.82 for 
the same two elements in igneous rocks 
(Rankama and Sahama, 1949). The po- 
tassium-sodium ratio of 0.7 for the sample 
from the Guadalupe River (GR 7 PB) is 
unaffected by salt contamination from the 
water, the quantity of sodium dissolved in 
river water being insufficient to affect the 
results, 

The potassium-sodium ratios of the com- 
posite samples reveal that the sodium and 


potassium are present in approximately 
equal abundances except in two of the 
samples which possess a high calcium con- 
tent. This is a relationship similar to that 
found for the two elements in the average 
igneous rock, although the data at hand 
indicate a somewhat larger ratio than that 
found for the average igneous rock. 

Taylor (1929) and Case (cited in Kelley 
and Liebig, 1934) found that some oil field 
shales contain an unusually large amount 
of sodium. Taylor attempted to explain its 
presence by a base exchange mechanism, 
but Kelley and Liebig found that the sodium 
in clays will be replaced by the magnesium 
present in sea water. They came to the con- 
clusion that a process other than base ex- 
change must be the cause of the presence of 
a more than average quantity of sodium in 
oil field shales. Since all the composite sam. 
ples contain significant quantities of organic 
matter, it is possible that the higher sodium 
content of the Austin Chalk, Eagle Ford 
Shale, and Miocene Nodular Shale is related 
to the organic matter. 

Eddington and Byers (in Bradley and 
others, 1942) made chemical analyses of a 
number of samples from cores taken in the 
North Atlantic. They also analyzed three 
samples obtained from the ocean floor near 
Ocean City, Maryland, and eight fromthe 
Bartlett Deep in the Caribbean. The aver- 
age sodium and potassium content of the 
materials, corrected for ignition loss, is pre- 
sented in table 9. 

Neither the author of the present paper 
nor Eddington and Byers, apparently, re- 
moved the dried salts from the sea water be- 
fore making the analyses. The materials 
from the North Atlantic and the Bartlett 
Deep are enriched in sodium relative to po- 
tassium in comparison to the relations of 
these elements in igneous rocks. The potas- 
sium-sodium relation of the samples from 
off Ocean City, Maryland, is similar to that 
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TABLE 9.—Altlantic ocean analyses 
(Bradley and others, 1942) 


%NaO % KO 


Ocean City, 
Maryland 
North Atlantic 
Bartlett Deep 


of igneous rocks. The extent to which the 
sediments contain the dried salts, of course, 
is unknown and cannot be evaluated, but 
even so, the comparison of the analyses 
with those from other areas seems war- 
ranted. 

The samples from the North Atlantic 
have potassium-sodium ratios similar to 
those of the globigerina oozes from the Gulf 
of Mexico while the material from off the 
Maryland coast has a ratio similar to that 
of the other samples from the Gulf of 
Mexico. The calcium content of the samples 
from the North Atlantic and from the 
Bartlett Deep is high, being of the order of 
25 to 30% CaO (45 to 55% CaCOs). In con- 
trast, the three samples from near Ocean 
City, Maryland, are low in calcium, having 
an average content of 7.7% CaO. A correla- 
tion between the calcium content and the 
potassium-sodium ratio is suggested from 
these data. This relation is to be expected 
since the carbonate-rich materials probably 
contain lesser amounts of the potassium- 
rich minerals than the detrital sediments. 

Study of the distribution of the samples 
together with their sodium and potassium 
content indicates a correlation between 
lithology and the potassium-sodium ratio. 
In the eastern part of the Gulf, areas of sedi- 
ments with a high calcium carbonate con- 
tent (globigerina oozes) have a correspond- 
ingly low potassium content and a rela- 
tively high sodium content. The sodium 
content of the sediments from the eastern 
part of the Gulf of Mexico seems to remain 
more or less constant (3.0-4.5% NaO) 
while in the extreme eastern part the K,O 
content of the sediments is low, becoming 
less than 1% in some places. Further cor- 
relation between lithology and the potas- 
sium-sodium ratio is seen when the samples 
from near Mobile, Alabama, are studied. 
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The potassium is much lower in the sedi- 
ments of this area compared with the so- 
dium. The near-shore sediments here con- 
tain mostly detrital quartz and very little 
clay mineral. 

Analysis of Mississippi River silt (Clarke, 
1924) shows that there is an average of 
1.51% Na,O being transported as silt and 
2.30% KO. Analyses of the water of the 
Mississippi River (Clarke, 1924) indicate 
that at Carrolton, Louisiana, the river is 
transporting 146 ppm as dissolved solids of 
which 9.3% are Na,O and 1.9 are K,0. The 
potassium-sodium ratios for the silt and for 
the dissolved solids are 1.5 and 0.20 re- 
spectively. These figures seem to indicate 
that most of the potassium is being trans- 
ported as detrital and colloidal material and 
that the sodium is transported in solution. 
A large portion of the original potassium 
may be left behind, fixed in the soil by 
physio-chemical processes or by plants. 

Clarke (1924) provides analyses of dis- 
solved solids present in the waters of several 
rivers which drain into the eastern part of 
the Gulf of Mexico. The average salinity of 
the rivers is 67 ppm. The average sodium 
content of the dissolved solids is 15% 
Na,O, and the average potassium content 
is 3.8% KO. The potassium-sodium ratio 
computed from the average values of the 
abundances of sodium and potassium is 
0.25. This ratio indicates that most of the 
potassium is being transported in the de- 
trital and colloidal matter. Similar data 
(Clarke, 1924) for the rivers draining into 
the western part of the Gulf give a potas- 
sium-sodium ratio of 0.12. 

If, as is indicated by the potassium- 
sodium ratios for the various sediments from 
the Gulf of Mexico, the sodium and potas- 
sium are of about equal abundance, most of 
the potassium must be transported in col- 
loidal and detrital material. The major por- 
tion of the separation of the two elements 
must take place in the weathering cycle 
rather than in base exchange within the 
marine environment. That this separation 
does occur is indicated by Goldich (1938). 
The sodium decreases constantly during the 
course of weathering whereas potassium ap- 
parently accumulates in the soil profile rel- 
ative to the sodium for a short period be- 
fore any significant quantity of it is re- 
moved. Examination of the hydrated radii 
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TABLE 10.—Average alkali metal composition of igneous and sedimentary rocks 
(Rankama and Sahama, 1949) 


Igneous Rocks 


Sandstones, etc. 


Shales, etc. Limestones 


0 
0.44 


(0.00042)! 
0.00074 


0.00056 
0.050 
0.33 


0.00099 


0.816 
(82)? 
92 


(7400)? 
2 


(91)? 
46 


1 Values given author by L. H. Ahrens, April, 1952. 
2 Ratios computed on the basis of values noted under footnote 1. 


and the ionic potentials computed with the 
hydrated radii (table 5) suggests that such a 
separation should take place. The sodium 
with its lower electric intensity at the sur- 
face and its greater tendency toward hydra- 
tion, reflected by its greater hydrated 
radius, should be removed before the potas- 
sium. 


Potassium-Rubidium Ratio 


The data presented in table 10 indicate 
that the potassium-rubidium ratio of. an 
average igneous rock is 82 if the April 1952 
value for the rubidium content of an aver- 
age igneous rock is accepted. The average of 
the potassium-rubidium ratios of the sedi- 
mentary materials used in this investiga- 
tion, exclusive of the composite samples, is 
77. The agreement of the two values is so 
close that the experimental error involved in 
their determination is greater than the dif- 
ference shown. Thus there is no positive in- 
dication of enrichment of rubidium in rela- 
tion to potassium in the sediments as a 
whole. However, there is an implication 
that enrichment does occur in some of them. 

If the value of rubidium content of an 
average igneous rock given by Rankama 


and Sahama (1949) is accepted, an enrich- 
ment of rubidium with relation to potassium 
is suggested although the difference between 
the values of the ratio for igneous rocks and 
the values of the ratio for the modern sedi- 
ments is still bordering on the limits of ex- 
perimental error. It would appear then, that 
there is no significant enrichment of rubid- 
ium with respect to potassium in the sedi- 
ments as a whole. 

An enrichment of rubidium relative to 
potassium is suggested for the Rockport- 
Offshore samples, but none appears to be 
present in the samples from San Antonio 
Bay. The lowest ratio is that of the Guada- 
lupe River sample. The petrographic exami- 
nation of the sample did not reveal any 
particular reason for the low value of the 
ratio. Probably the rubidium is concen- 
trated in the clay mineral fraction of the 
sample, for the feldspar present is appar- 
ently of intermediate plagioclase composi- 
tion. 

While any conclusion based on the analy- 
sis of the one sample from the Guadalupe 
River can be only tentative, an interesting 
relation between potassium and rubidium 
in the weathering and_ sedimentological 
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cycles suggests itself. The low value of the 
potassium-rubidium ratio in this sample 
possibly indicates that the rubidium is en- 
riched with respect to potassium during the 
weathering and transportation cycle. Prob- 
ably this enrichment process, if it exists, 
takes the form of differential removal of 
potassium from the minerals during weath- 
ering, resulting in the relative concentra- 
tion of the rubidium in the material remain- 
ing. When this material is moved to the 
marine environment, the potassium is per- 
haps more or less completely returned to it 
by adsorption from the sea water and 
fixation by marine organisms. Hence no ap- 
parent enrichment would be present in the 
marine sediments. That such a separation 
may possibly take place is indicated by the 
hydrated radii of potassium and rubidium. 

The potassium-sodium ratio of dissolved 
solids in river waters indicates that a rela- 
tively large proportion of the potassium re- 
moved during weathering and erosion must 
move to the sea in colloidal and detrital ma- 
terial, and it is probable that even a larger 
proportion of the rubidium contained in any 
parent material does likewise. 

The value of the potassium-rubidium 
ratio of shales computed from the average 
abundance of potassium and rubidium in 
shales is 98 (table 10). This value is essen- 
tially the same as the value obtained for the 
ratio in igneous rocks as given by Rankama 
and Sahama (1949, p. 440). These authors 
state that the rubidium and cesium are ad- 
sorbed into argillaceous rocks more than po- 
tassium. However, the values of the potas- 
sium-rubidium ratio for igneous rocks and 
for argillaceous sediments given in their 
table 12.8 (p. 440) contradicts this state- 
ment. Rather, the potassium-rubidium ratio 
for argillaceous rocks given in the table is 
slightly greater than that for igneous rocks. 

While the statement is generally made 
that rubidium is enriched in argillaceous 
rocks, no conclusive proof seems to exist to 
support this statement. The basis for this 
statement in the literature has apparently 
been the analyses of shale composites made 
by Goldschmidt, Bauer, and Witte (1934). 
The data from this investigation are too 
scant to warrant the conclusions that are 
generally made from them. Neither the 
values given by Rankama and Sahama for 
the average alkali metal composition of sedi- 
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mentary rocks nor the values of the potas- 
sium-rubidium ratio obtained in the present 
investigation indicate that any significant 
enrichment takes place in marine sediments. 
Furthermore, the values obtained from the 
composite samples used in the present in- 
vestigation tend to support this conclusion. 


Potassium-Cesium Ratio 


The potassium-cesium ratio computed 
from the average alkali metal composition 
of igneous rocks is 7400 (table 10). If the 
value for the cesium content of an average 
igneous rock given by Rankama and 
Sahama is used in the computation of the 
ratio, it is 4200. The potassium-cesium 
ratio for shales computed from the abun- 
dance values given by Rankama and Sahama 
is 2500. The average value for the modern 
sediments is 2890, agreeing within limits of 
experimental error with the value from 
Rankama and Sahama. The average for all 
of the sediments outside the ten fathom line 
is 3210. Whether the April 1952 value of the 
cesium content of an average igneous rock is 
accepted (table 10) or whether that given by 
Rankama and Sahama is used for purposes 
of comparison, the conclusion is reached that 
enrichment of cesium with respect to potas- 
sium has taken place. 

Comparison of the potassium-cesium 
ratios for the Guadalupe River sample, the 
samples from San Antonio Bay, and the 
Rockport-Offshore samples suggests a trend 
in the abundances of the alkali metals in 
the sediments. It will be noted that the 
potassium-cesium ratio of the Guadalupe 
River sample (GR 7 PB) is relatively low 
(1080) in comparison with the ratios for the 
other samples used in this investigation. 
The average ratio of the four San Antonio 
Bay samples is slightly higher (1540) than 
that of the Guadalupe River sample but one 
that is still significantly lower than the aver- 
age value of the ratio for all of the samples. 
The Rockport-Offshore samples have an 
average potassium-cesium ratio which ap- 
proaches the average value for all the sedi- 
ments. 

A separation of potassium and cesium in 
the weathering cycle similar to that de- 
scribed for the separation of potassium and 
rubidium is suggested, the cesium moving to 
the sea mainly in the colloidal and detrital 
material. 
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A third possible explanation for this ap- 
parent relationship between the fluviatile 
and the marine environments is that of 
provenance. The Guadalupe River rises in 
an area of sediments. If there is any concen- 
tration of cesium or rubidium in relation to 
the potassium in these sediments, it would 
be reflected in the potassium-cesium and po- 
tassium-rubidium relationships found in 
the sediments formed from the older sedi- 
mentary material. The cesium and rubidium 
would probably be further concentrated 
with relation to the potassium. The ap- 
proach of the ratio in the Rockport-Off- 
shore samples to that of the overall average 
suggests that the material in these samples 
is mixed with material derived from other 
areas. There is a strong westward-moving 
current along the coast in this area bringing 
material from the Mississippi Delta region 
(Goldstein, 1942). 

On the basis of the values for the potas- 
sium and cesium content of average igneous 
rocks given in table 10, enrichment of 
cesium in relation to potassium by a factor 
of two to three is indicated. This enrich- 
ment may have taken place during several 
erosional and depositional cycles. 

Because the cesium content of sea water 
is not accurately known (Goldschmidt, 
1937), it is not possible to make a quantita- 
tive statement concerning the relation of the 
cesium being supplied to the seas, the 
amount that is going into the sediments, 
and the amount that is remaining in solu- 
tion. However, it appears that the cesium 
brought to the seas in solution is almost en- 
tirely removed from the water, probably 
largely through adsorption by the minerals 
of the sediments. A significant portion of the 
cesium going to marine deposits may never 
be in solution, being transported in the 
particulate matter of the rivers. 


Rubidium-Cesium Ratio 


The average value of the rubidium-cesium 
ratio of the sediments investigated is 37, 
while that for the sediments from outside 
the ten fathom line is 40. The ratio for aver- 
age igneous rocks computed from the April 
1952 values given in table 10 is 91 in con- 
trast to the value of 46 computed from the 
rubidium and cesium values given by 
Rankama and Sahama. These same authors 
give a rubidium-cesium abundance ratio of 
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25 for an average shale. 

Since the relationships of rubidium and 
cesium to potassium in the sediments have 
been discussed, it will suffice to note that 
there is an enrichment of cesium with re- 
spect to rubidium by a factor of two to 
three. This relationship is to be expected 
when consideration is given to the relation- 
ships of the two elements to potassium. It 
was seen earlier that the rubidium is not 
significantly enriched with respect to po- 
tassium and that cesium is enriched by a 
factor of approximately two. 

In accordance with the relations shown 
by rubidium and cesium in the Guadalupe 
River sample and in the San Antonio Bay 
samples, the rubidium-cesium ratio of these 
sediments suggest that their cesium content 
is higher in proportion to the rubidium than 
that found in the marine sediments. The 
scant data suggest that the rubidium is ad- 
sorbed onto the minerals in the marine 
environment in greater quantity than the 
cesium; this relationship exists because a 
proportionately greater quantity of the 
cesium is probably carried to the marine de- 
posits in the detrital and colloidal materials. 
It appears then that the potassium is re- 
moved during the weathering process in 
relatively greater quantities than the rubid- 
ium, and that the rubidium is removed 
from the parent materials in proportionately 
greater amounts than the cesium. In the 
marine environment the cesium in solution 
is preferentially adsorbed in relation to the 
potassium and rubidium, and thus cesium 
is enriched in relation to them. 

Comparison of the potassium-rubidium 
and the potassium-cesium ratios of the 
various samples indicates that there is no 
regularity of occurrence of the three ele- 
ments. The data seem to suggest that while 
there is a general enrichment of cesium with 
respect to potassium and rubidium in sedi- 
mentary materials, the relation depends to a 
large extent upon the sediments themselves 
and that it is not always constant. Much 
must depend upon the previous history of 
the sedimentary material. 

The statement that the enrichment of 
cesium with respect to potassium and rubid- 
ium may be attributed to the relations 
shown by the hydrated radii alone must be 
questioned when one considers the fact that 
the percentage difference, based on the 
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smaller ion, between the hydrated radii of 
potassium and rubidium is approximately 
equal to the percentage of difference be- 
tween the hydrated radii of rubidium and 
cesium (table 5). It would seem that there 
should be a progressive enrichment in each 
of the elements in going from potassium to 
rubidium to cesium and that the enrichment 
of rubidium with respect to potassium 
should be of the same order of magnitude as 
the enrichment of cesium with respect to 
rubidium. However, in the sediments stud- 
ied and the ones for which analyses are 
reported in the literature, there does not ap- 
pear to be any significant enrichment of 
rubidium with respect to potassium while 
there is a very marked enrichment of the 
cesium with respect to the potassium and 
rubidium. 

There may be several reasons for this ap- 
parent anomalous behavior of these mem- 
bers of the alkali metal group. One may be 
that the values of the hydrated radii are in- 
correct. Possibly the values for the cesium 
and rubidium content of an average igneous 
rock are wrong. There may have been a dif- 
ferent bias introduced into the analyses for 
the cesium, rubidium, and potassium con- 
tents of the igneous rock. The bias may not 
be the same for the determinations for igne- 
ous rocks and for the determinations for 
sediments. 

Factor§ other than the hydrated radii and 
the ionic potential computed on the basis of 
the hydrated radii may be important in the 
separation of the elements. The fact that 
the cesium ion is relatively unhydrated 
whereas the potassium and rubidium ions 
are hydrated may be important. The ionic 
potential of the unhydrated ion may control 
its release from the minerals. That the ionic 
potential is important in controlling the re- 
lease of the ions seems to be suggested by 
the relations of the lithium to sodium. Part 
of the concentration may come about dur- 
ing the weathering cycle with the separation 
of the more easily hydrated potassium from 
the rubidium and the rubidium from the 
cesium. That potassium and rubidium both 
enter the illite structure in preference to 
cesium is suggested by the results of the dif- 
ferential thermal analyses described earlier. 
A preferential adsorption of rubidium in 
illite is suggested from these same analyses. 
This adsorption may occur in the weathering 


447 


cycle. The potassium-cesium ratios of the 
samples containing large fractions of illite 
were higher than those of the samples con- 
taining more detrital material and other 
clay minerals. This relation suggests that 
the cesium may be in effect concentrated 
in the detrital minerals. 

In considering the problem of the relative 
enrichment of the cesium, one must give 
some thought to the fact that a large part of 
the sedimentary material was not derived 
from igneous rocks but from sedimentary 
rocks. The enrichment may be the result of 
more than two cycles of weathering and 
sedimentation, although a similar enrich- 
ment in rubidium might also be expected. 

Inasmuch as the knowledge of the be- 
havior of rubidium and cesium in weather- 
ing is very limited, if not non-existent, it 
does not seem appropriate to draw any def- 
inite conclusions as to the reason for the 
enrichment. For the occurrence of the less 
abundant alkali metals in marine sediments 
to be understood, their behavior in the 
weathering cycle needs to be studied. 


Lithium Content 


Since lithium is not closely associated 
with the rest of the alkali metals geo- 
chemically, it must be discussed in terms 
of absolute abundance rather than in terms 
of ratios. The average lithium content of all 
the Recent sediments investigated is 0.013% 
Li,O. This value corresponds closely with 
the value given by Rankama and Sahama 
(1949) for the lithium content of igneous 
rocks. Within the bounds of experimental 
error there seems to be no essential differ- 
ence between the value quoted by Rankama 
and Sahama for the average lithium content 
of shales and the average value obtained in 
this investigation. Even the globigerina 
cozes contain lithium in amounts which 
correspond closely with those found in the 
average igneous rock. 

The lithium apparently does not follow 
the other alkali metals in the weathering 
cycle, but replaces Mgtt and Fe** in the 
clay mineral structures. Mitchell (cited in 
Rankama and Sahama, 1949) found a very 
definite enrichment of lithium in some soils. 
This fact suggests that the lithium is con- 
centrated relative to the other alkalies in 
the weathering process and that it is trans- 
ported to the marine environment in the 
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TABLE 11.\—Results of the spectrochemical analyses 


Weight Weight Percent Corrected to 110° C. 
Sample No. Loss on 
Ignition % K.0 Li,O 
Gulf of Mexico Samples 

EG 1-B 3.54 4.39 2.88 0.039 0.013 0.00066 
EG 1-C 5.05 3.66 2.91 0.039 0.014 0.00094 
EG 2-B. 4.80 3.58 2.88 0.042 0.012 0.0010 
EG 2-C 3.61 2.86 0.039 0.013 0.00085 
EG 3-B 2.71 2.46 2.69 0.042 0.0097 0.0013 
EG 3-C 3.14 3.49 2.64 0.038 0.017 0.00097 
EG 4-B 3.66 2.81 0.038 0.011 0.0011 
EG 4-C 4.44 4.14 2.54 0.033 0.016 0.00082 
EG 6-B 3.62 4.64 4.34 0.049 0.014 0.00054 
EG 6-C 1.87 3.56 3.07 0.041 0.018 0.00096 
EG 9-A 4.44 3.47 2.92 0.039 0.014 0.00086 
EG 9-B 1.73 Sead Bide 0.032 0.013 0.00056 
EG 9-C 2.14 2.50 3.02 0.039 0.015 0.00095 
EG 12-A 5.82 2.26 2.02 0.033 0.017 0.00057 
EG 12-B 4.07 4.18 2.68 0.037 0.018 0.00077 
EG 12-C 4.70 4.03 22a2 0.033 0.014 0.0011 
EG 15-A 4.36 3.34 230 0.035 0.010 0.00082 
EG 15-B 4.40 ete 2.29 0.030 0.0089 0.0010 
EG 15-C 4.63 3.05 2.88 0.033 0.018 0.00047 
EG 99-A ey fy? 3.30 3.43 0.040 0.015 0.0014 
EG 99-B 5.79 3.26 3.42 0.038 0.014 0.0010 
EG 99-C 5.04 2:92 2.74 0.030 0.025 0.0010 
EG 103-A 6.86 2.94 3.82 0.038 0.015 0.0011 
EG 103-B 5.20 3.16 2.54 0.027 0.019 0.00095 
EG 103-C 5.04 5.04 2.81 0.032 0.016 0.00071 
EG 105-A 5.26 Bode 3.65 0.038 0.013 0.00095 
EG 105-B 5.88 4.14 3.80 0.040 0.015 0.0012 
EG 105-C 6.03 3.03 3.71 0.045 0.015 0.00094 
EG 106-A 5.64 3:79 3.58 0.038 0.011 0.0011 
EG 106-B 3.87 4.93 3.44 0.038 0.019 0.00074 
EG 106-C A ee 3.56 3.16 0.038 0.015 0.00089 
EG 107-B 3.08 2.84 2.83 0.034 0.010 0.00065 
EG 107-C 3.81 3.04 3.34 0.035 0.014 0.00074 
EG 108-B 6.25 4.34 3.41 0.038 0.022 0.00065 
EG 108-C 7.04 3.48 3.00 0.035 0.018 0.00063 
EG 109-B 3.91 0.041 0.020 0.00076 
EG 109-C 3.14 3.06 3.19 0.034 0.018 0.00047 
EG 111-A 4.85 3.59 2.95 0.031 0.013 0.00040 
EG 111-B 6.36 3.83 3.80 0.036 0.015 0.00060 
EG 111-C DOL 2.98 3.00 0.035 0.014 0.00042 
EG 212-A 5.98 4.23 3.05 0.035 0.024 0.00055 
EG 215-A 5.16 3.68 3.08 0.038 0.018 0.00063 
EG 218-A 3.80 3.46 Z.30 0.033 0.016 0.00039 

EG 221-A SaZz 1.79 0.49 0.0097 0.0071 Trace 

225-A 6.86 2.56 0.80 0.016 0.024 Trace 
WG 140-A 5.86 2.99 3.01 0.040 0.015 0.0014 
WG 140-B 4.77 BAS Sots 0.050 0.012 0.0019 
WG 140-C 4.80 3.04 S.o2 0.038 0.013 0.0013 
WG 145-B 1.00 2.67 3.10 0.031 0.011 0.0013 
WG 147-A 3.44 7 | 3.05 0.039 0.0081 0.0013 
WG 147-B 4.74 1.62 3.34 0.051 0.011 0.0014 
WG 149-A 2.42 3.81 0.043 0.013 0.00092 


1EG =East Gulf 
WG= West Gulf 
A is surface sample, B is 75 cm depth, C is 150 cm depth. 
2 Not detectable. 
3S 57-A, $91-A and S 133-A are from San Antonio Bay. GR 7 PB is from Guadalupe River, High- 
way 35 crossing, Aransas County, Texas. J 32-A, J 35-A, and J 36-A are Rockport-Offshore samples. 
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TABLE 11—continued 


Weight Weight Percent Corrected to 110° C, 
Sample No. Loss on 


Ignition % NaO Li.O 


Gulf of Mexico Samples—continued 


0.034 0.0084 
0.036 0.016 
0.038 0.012 
0.020 0.0072 
0.012 
0.014 
0.015 
0.016 
0.018 


WG 149-B 


WG 532-B 
WG 532-C 
WG 538-A 
WG 538-B 
WG 542-A 
WG 542-B 
WG 542-C 
WG 545-B 
WG 545-C 
WG 549-A 
WG 549-B 
WG 549-C 
WG 550-B 
WG 550-C 
WG 551-B 
WG 551-C 


> 


WG 545-A 


Mississippi Delta Samples 
MP 112-51 
ABL 130 cm. 1.80 1.48 0.020 : 0.00079 
2.23 1.43 0.020 0.00071 
1.78 0.90 0.013 0.00047 
1.50 0.65 0.0087 0.0059 Trace 


ABL 40 cm. 1.66 0.78 0.012 0.0079 NOE 


8 14 3.24 0.00050 
WG 153-A 2 .00 3.24 0.0013 
WG 153-B 17 4 2.98 0.0011 
WG 422-A 45 91 1.38 N. D.? 
WG 480-A 56 3.38 3.32 0.0022 
WG 485-A 78 3.44 $54 0.0016 
WG 515-A 17 1.78 1.67 0.00061 
WG 515-B 26 2.74 2.30 0.00052 
WG 515-C 47 2.46 2.96 0.00089 
WG 532-A 02 3.25 $3.25 0.063 0.016 0.0013 
48 $45 2.88 0.038 0.015 0.00077 
67 3.96 2.68 0.037 0.015 0.00083 
71 3.38 2.91 0.038 0.0080 0.0010 
76 4.66 3.32 0.057 0.015 0.0014 
56 3.55 1.88 0.032 0.0097 0.00052 
20 3.64 3.33 0.040 0.015 0.0013 
29 3.32 3.05 0.051 0.010 0.0011 
14 3.56 2.59 0.036 0.023 0.0011 
.93 3.07 2.28 0.041 0.013 0.00063 
94 $252 2.93 0.048 0.0089 0.0012 
54 3.08 1.48 0.018 0.011 Trace 
92 3.04 2.65 0.035 0.011 0.00071 
4.51 2.74 0.030 0.014 0.00063 
92 2.84 2-55 0.028 0.012 0.00048 
Si 3.22 2.68 0.036 0.016 0.00080 
iz 3.14 2.88 0.041 0.014 0.00044 
Globigerina Oozes 
| 09 4.45 0.045 0.010 0.0017 
WG 550-A 91 1.81 0.020 0.0097 0.00053 
WG 551-A .36 3.94 0.042 0.0096 0.0012 
EG 1-A .10 2-34 0.025 0.0046 0.00067 
EG 2-A 24 2.00 0.027 0.0095 0.00079 
EG 3-A .90 3.74 0.040 0.016 0.0012 
EG 4-A 28 2.97 0.038 0.026 0.0011 
EG 6-A AS 2.74 0.027 0.011 0.00085 
EG 107-A 86 2.60 0.028 0.0092 0.00075 
EG 109-A .16 0.62 0.0080 0.0057 N. D. 
EG 128-A 57 0.82 0.011 0.011 Trace : 
EG 137-A 42 3.26 0.038 0.020 0.0012 
EG 146-A .66 2.54 0.032 0.017 0.00094 
EG 149-A .27 1.18 0.017 0.021 Trace 
EG 151-A .69 0.63 0.0087 0.0069 N. D. 
EG 153-A ay 0.20 0.030 0.0077 N. D. 
EG 185-A 87 1.53 0.021 0.016 0.0003 
EG 187-A .04 2.06 0.021 0.019 N. D. 
EG 190-A 42 0.95 0.014 0.016 Trace 
MP 123-51 
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TABLE 11—continued 


Weight Weight Percent Corrected to 110° C. 
Sample No. Loss on 
Ignition % K,0 Rb,O 


Mississippi Delta Samples—continued 
MP 123-51 
1.96 1.20 0.27 0.0040 N. D. 


3.84 0.47 0.0069 Trace 


ABL 130 cm. 4.59 : 0.70 0.0092 Trace 
MP 135-51 

ABL 0 cm. 4.96 | 0.017 0.00063 
MP 135-51 

ABL 130 cm. 1.28 3 0.19 0.0027 Trace 
MP 137-51 

ABL 0 cm. 4.40 i 0.65 0.0095 N. D. 
MP 137-51 

ABL 130 cm. 4 0.72 0.0097 Trace 
BS 107-51 

ABL 65-71 cm. 4. 3 1.97 0.023 0.00088 
BS 107-51 

ABL 100-105 cm. ; 5 1.38 0.018 0.00073 


VLB Samples 


VLB 31c-9 

VLB 31c-10 
VLB 3ic-11 
VLB 43c-1a 
VLB 43c-2a 
VLB 43c-2b 
VLB 43c-2c 


0.015 0.00048 
0.011 0.00048 
0.010 0.00044 
0.026 0.00060 
0.012 0.00035 
0.013 0.00056 
0.012 0.00085 
0.0083 0.00044 
0.010 0.00039 
0.011 0.00058 
0.017 0.00073 
0.012 0.00033 


o 


43c-5b 


Rockport, Texas: San Antonio Bay and Offshore Samples* 
S57-A 
0-5 cm. : ‘ 0.028 0.0047 0.0011 
$91-A 
10-15 cm. 0.016 0.0038 0.00087 
S 91-A 
20-25 cm. 0.026 0.045 0.0013 


S 133-A 

12-16 cm. 1 0.032 0.013 0.0018 
0. 0.0080 0.0044 0.00039 

0.019 0.0076 Nob: 

1 0.038 0.010 0.00077 

2 0.020 0.0092 0.00087 


Composite Samples 


Austin Chalk 2.45 Trace 
Cherokee 1.59 0.00062 
Eagle Ford Shale : 0.25 N. D. 
Lower Eutaw 1.69 0.00087 
Miocene Nodular 1.13 Trace 
Selma Chalk 0.00089 
Tuscaloosa sandstone 1.12 0.00061 
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; MP 128-51 
ABL 0 cm. 
MP 128-51 
.92 0.031 
74 0.025 
64 0.024 
19 0.021 
0.024 
0.031 
0.023 
VLB 43c-3b 86 0.028 
VLB 43c-4a 48 0.026 
VLB 43c-4c 0.027 
VLB 43c-5a .89 0.029 
0.028 
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colloids and the detrital material. From 
consideration of the hydrated radius and 
the electric intensity at the surface of the 
hydrated ion, lithium should be removed 
preferentially from the minerals in relation 
to the other alkali metals. However, 
lithium behaves differently, making this 
relationship merely an apparent one. The 
behavior of lithium in the weathering and 
sedimentary cycle is probably controlled to 
a large extent by its ionic radius. Having a 
smaller ionic radius than the other alkali 
metals, it may be held more tightly in the 
mineral structure than any of them. Its 
structural position in the ferro-magnesian 
minerals may cause it to be relatively less 
easily hydrated than the other alkali metals 
and to remain behind when the other ele- 
ments of the group are removed during 
weathering. Goldich (1938) has shown that 
magnesium and iron are removed less 
rapidly than are sodium and potassium in 
the weathering of a granite gneiss. In gen- 
eral lithium follows magnesium in the 
weathering cycle and is found in the clay 
minerals and other minerals providing octa- 
hedral coordination sites. 

A correlation between the montmorillon- 
ite content of the sediments and the lithium 
content is suggested by the results of the 
thermal analyses. Most of those samples 
which contain predominantly montmorillon- 
ite exhibit a greater content of lithium than 
those samples with no montmorillonite. 
Since Mgt* may occur in illite, Lit may 
occur in illite also. 

The results of this investigation fail to 
support the statement of Rankama and 
Sahama (1949, p. 428) that the deep sea 
sediments possess a greater lithium content 
than the near-shore sediments. The compari- 
son of the lithium content of the sediments 
along the Ship Shoal and Mobile II tra- 
verses (fig. 1) indicates no such relationship 
between the lithium content of the sedi- 
ments and their distance from shore or with 
water depth. The lithium content of the 
sediments seems more closely related to the 
provenance of the sedimentary material. 


General Occurrence in Sediments 


As far as is known at the present time the 
alkali metals are closely associated with the 
clay fraction of the sediments. They may 
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be concentrated in the clay minerals by ad- 
sorption through the medium of base ex- 
change and by entrance into structural posi- 
tions. The role of the alkali metals during 
the actual formation of clay minerals, 
whether it be in an environment of sub- 
aerial weathering or in the marine environ- 
ment, is inadequately known. The alkali 
metals are also apparently concentrated by 
marine organisms and plants and by authi- 
genic processes. Adsorption of potassium by 
montmorillonite to form illite has been sug- 
gested as a means for the removal of potas- 
sium from sea water. However, Grim, 
Dietz, and Bradley (1949) have found mont- 
morillonite and illite in approximately 
equal abundance in some Recent sediments, 
with no evidence being present of a change 
either in depth below the sea floor or in dis- 
tance from shore. They suggest that the con- 
version to illite may be a metamorphic 
rather than a diagenetic process. 

The actual relative concentration of the 
elements is probably dependent upon the 
extent of the decomposition of the minerals 
in the parent rock during weathering, a 
greater concentration of cesium relative to 
potassium and rubidium occurring when 
there is extensive chemical weathering. 

Stetson (oral communication March, 1952 
suggested to the author that the alkali 
metal content of the cores from the east- 
ern part of the Gulf of Mexico may pos- 
sibly be related to the lowering of the sea 
level during Pleistocene time. He stated 
that little if any carbonate material is being 
derived from the Florida peninsula at the 
present time and that all of the sediment in 
the area apparently represents material re- 
worked when the seas advanced after the 
Pleistocene glaciations. Weathering during 
a period of lowered sea level could have pro- 
duced a concentration of clay materials 
which would be reflected in the present sedi- 
ments. 
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DISPLACEMENT OF MICROFOSSILS' 


DANIEL J. JONES 
University of Utah, Salt Lake City, Utah 


ABSTRACT 


The phenomena of horizontal and vertical displacement of microfossils are re-examined in the light 
of their increasing importance in correlation work and in paleoecologic studies. Size ranges of the 
common micropaleontological objects are tabulated and classified in terms of Wentworth’s grade scale 
of sedimentary particles. The following types of displacement are discussed, and examples of each are 


cited: 
I. Natural displacement 
A. Vertical displacement 


1. Older fossils into younger beds (redeposition) 
2. Younger fossils into older beds (stratigraphic leak) 
B. Horizontal displacement (environmental mixing) 


1. Intracontinental displacement 
2. Intramarine displacement 


3. Displacement between marine and continental environments 


II. Artificial displacement (contamination) 


A. Displacement during sampling operations 


B. Displacement in the laboratory 


The principal agents of natural displacement are waves and currents, running water, ground water, 
wind, glacial ice, and organisms of various types. Vertical displacement is most significant in the use 
of microfossils for stratigraphic work, whereas horizontal displacement must be taken into account in 
paleoecological investigations. Possible criteria for recognition of displaced microfossils are listed and 


discussed. 


INTRODUCTION 


The present paper attempts to evaluate 
and analyze the significance of displacement 
of microfossils in terms of their increasing 
importance both in stratigraphic correlation 
and in paleoecological investigations. Be- 
cause of their small size they are easily 
transported by a variety of geologic and bio- 
logic agents and may be displaced either 
vertically or horizontally from their environ- 
ments of life or from their place of entomb- 
ment. 

Reworking of microfossils has been known 
for a long time, and although the phenom- 
enon is quite common, it need not impair 
or deter the widespread use of micropaleon- 
tological objects in geological interpreta- 
tions, provided the nature of the phenom- 
enon is recognized and understood. In 
succeeding sections of this paper the prin- 
cipal types of horizontal and vertical dis- 
placement will be described, the mecha- 
nisms by which the displacement is accom- 
plished, and suggested criteria for recognition 
of displaced fossils or faunas will be given. 


1 Manuscript received January 6, 1958. 


Biocoenose and Thanatocoenose 


Shrock and Twenhofel (1953, p. 22) de- 
fined the biocoenose as the assemblage of 
organisms which live and flourish in a given 
environment under a given combination of 
physical and biochemical factors. 

The remains of such a faunal association 
or biofacies would, if preserved in place, 
offer valuable clues to the environment of 
deposition of the enclosing sediments. The 
assemblage of fossil remains which is com- 
monly encountered in a given sedimentary 
unit, however, is one assembled in a particu- 
lar site of deposition after death and before 
entombment—the thanatocoenose (Shrock 
and Twenhofel, 1953, p. 22). Thus the 
thanatocoenose may represent (1) an ac- 
cumulation of remains of organisms formed 
in the normal environment of the bio- 
coenose, (2) an accumulation of organic re- 
mains resulting from the killing off of large 
populations by some catastrophic change in 
one or more of the environmental factors, or 
(3) an assemblage of sedimentary particles 
of various sizes, including the remains of 
microorganisms and skeletal parts of larger 
organisms, transported into the site of 
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Fic. 1.—Grain size distribution of some common groups of microfossils, based on measurements 
of 1500 specimens. 


entombment, and forming a part of the 
sedimentary deposit. The thanatocoenose 
may commonly consist of elements of all 
three of the above assemblages and can be 
interpreted only as those remains of organ- 
isms which were enclosed in the sediment at 
the time of deposition and diagenesis. 


Microfossils as Sedimentary Particles 


The tests of microorganisms and dis- 
sociated skeletal elements of larger organ- 
isms must be considered as sedimentary 
particles when the organisms died and can 
no longer control their movements. Figure 1 
shows the distribution of some of the com- 
mon microfossils in terms of Wentworth’s 
grade scale of particle sizes. The tabulation 
is based on a sampling of the measurements 
of over 1500 species of various microfossils 
taken from published papers, and although 
the number sampled is small, it does give a 
fair approximation of the size ranges of some 
typical microfossils. 

It will be observed from figure 1 that most 
of the tests of Foraminifera are particles 
within the range of very coarse to medium 


sand (1000 microns to 250 microns). The 
ostracodes generally fall into this grade size 
range. There is considerable variation in the 
size of such miscellaneous microfossils as 
bryozoan fragments, remains of echino- 
derms, and immature mollusks, most of 
them ranging from small pebbles, through 
granules, to coarse and medium sand. 

Approximately 90 percent of the cono- 
donts fall within the range of 2000 microns 
(granules) to 500 microns (coarse sand). 

Radiolarian tests are essentially of the 
size range from 250 microns to 62 micron 
(very fine sand and silt), diatom frustules 
are primarily silt-sized particles ranging 
from 125 microns (very fine sand) to 3 
microns in minimum dimension (lower limit 
of silt). Most of the spores and pollens, di- 
noflagellates,  silicoflagellates, hystricho- 
spherids, and microforaminifera also fall 
into the latter category (very fine sand to 
various grades of silt and coarse lutite). 

In addition to the size of the microfossil, 
other parameters which may influence the 
ease with which it may be transported are 
(1) specific gravity, (2) chambering with 
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GD 


ccccc 


Fic. 2.—Displacement of microfossils along a shoreline: a. redeposition by wave erosion of fossilif- 
erous strata exposed along the shoreline of an ocean or large lake, b. lateral displacement by action 


of littoral currents. 


air spaces, (3) shape of the particle, (4) dif- 
ference in specific gravity of the particle and 
that of the transporting medium, and (5) 
the viscosity of the medium. It is strongly 
suspected that the shape and buoyancy ef- 
fects of chambering are more significant in 
the case of larger microfossils in aqueous 
media, and are only significant among the 
smaller microfossils in the case of eolian 
transport. 


MECHANICS OF NATURAL DISPLACEMENT 


Displacement of micropaleontological ob- 
jects is usually accomplished by one or more 
of several natural agencies. These are, in ap- 
proximate order of importance: (1) near- 
shore waves and currents in the sea and in 
large lakes, (2) turbidity currents, (3) 
streams, (4) ground water, (5) wind, (6) 
organisms, (7) glaciers and (8) miscellaneous 
processes. These agencies of erosion, trans- 
portation, and deposition accomplish the 
following types of displacement: 

1. Vertical displacement 

A. Older microfossils into younger 
zones (redeposition) 

B. Younger microfossils into older 
zones (stratigraphic leak) 


2. Horizontal displacement (environ- 
mental mixing) 
A. Intracontinental displacement 
B. Intramarine diaplacement 
C. Displacement between marine and 
continental environments. 

Vertical displacement, either from older 
to younger, or from younger to older zones, 
may also involve environmental mixing. 

The rocks from which the microfossils are 
derived may be exposed to weathering, thus 
releasing the microfossils into the weathered 
mantle rock, or the rocks may be eroded by 
corrosion or corrasion to liberate them for 
transportation. 

The essential mechanics of microfaunal 
displacement by each of the above men- 
tioned agencies is briefly reviewed below. 


Nearshore Wave and Current Action 


Waves, undertow, rip currents, and lit- 
toral currents accomplish faunal displace- 
ment in a number of ways (fig. 2). Hori- 
zontal displacement of faunas in the sea, 
and in large lakes, reworking of older fossils 
into younger beds, and displacement of 
younger fossils into older beds are common. 
Ellison (1951) has discussed the nature of 
some of these displacements, particularly 
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the displacement of shallow-water faunas 
into deeper water. 

The quarrying and abrasive action of 
waves against sea cliffs and other bedrock 
exposures of older fossiliferous strata is re- 
sponsible for many cases of redeposition of 
microfossils. (fig. 2a). For example, the 
foraminifer-rich bluff of Miocene sediments 
along the western edge of Pamlico Sound is 
being attacked at present by waves and 
streams, furnishing abundant Miocene For- 
aminifera and ostracodes into the modern 
faunal assemblage of the sound and adjacent 
continental shelf (Coryell, 1956, personal 
communication). Hedberg (1956, personal 
communication) has described to the writer 
the occurrence of cliffs of Oligocene and 
Miocene shales along the coast of eastern 
Falcon Province, Venezuela, which the 
waves are attacking and reworking the 
Oligocene and Miocene Foraminifera into 
the recent beach sands. Carrigy (1956) de- 
scribes the derosion of Pleistocene dune 
ridges of Foraminifera into the sill area of 
Warnbro Sound on the coast of Western 
Australia. In this instance a line of Pleisto- 
cene dunes forming a sill separating the 
waters of the sound from the Indian Ocean 
is being reworked by wave action into the 
modern sediments both seaward and land- 
ward. 

In areas of emerging coastlines, the sedi- 
ments previously deposited nearshore be- 
come a part of the material attacked by the 
waves of the nearshore environment in 
which the next highest formation is being 
deposited, hence reworking of the micro- 
fossils is quite common. For example, the 
extremely rich and varied fauna of the 
Pleistocene Lomita Formation of southern 
California contains many specimens of for- 
aminifers derived from the previously de- 
posited Pliocene beds in the same region 
(Bandy, 1952; Crouch, 1954). 

Longshore or littoral currents are also re- 
sponsible for redeposition as well as hori- 
zontal displacement of microfossils. Figure 
2b demonstrates the lateral displacement 
and redeposition of microfaunas accom- 
plished by this mechanism. 

Wave action along the shore of a trans- 
gressing sea over an area of comparatively 
low relief is responsible for a very common 
form of displacement. Many examples of 
this form of displacement are found in the 
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Cretaceous and Tertiary of the Gulf Coast. 
The waves and currents of the transgressing 
sea (fig. 3) pick up aad incorporate into its 
sediments both the forms weathered from 
older rocks and material actually derived 
from wave and current action on the un- 
weathered rocks. The basal Red Bluff glau- 
conitic sand of Oligocene age near Hiwanee, 
Mississippi, contains numerous Foraminif- 
era reworked from the Cretaceous Austin, 
Taylor, and Navarro Groups (Coryell, 
1956, personal communication). Also, frag- 
ments of the Vicksburg Limestone and 
Vicksburg Foraminifera occur in the over- 
lying Bucatunna Clay in southeastern Mis- 
sissippi and southwestern Alabama. (Den- 
ham, 1956, personal communication.) 

In some instances, stratigraphic leaks 
may occur when a transgressing sea en- 
croaches over a limestone terrane rendered 
porous and permeable by ground water 
solution and by weathering. The micro- 
fossils of the near-shore zone of the advanc- 
ing sea are dropped into the porous areas, 
and if the sediments filling in the irregular- 
ities of the limestone surface are also cal- 
careous, serious misinterpretations of the 
age of the limestone may result. The writer 
knows of one such instance in which a core 
from an otherwise unfossiliferous dolomitic 
limestone was examined and found to con- 
tain one excellent specimen of a fusulinid. 
On the basis of this determination, the en- 
closing rock was identified as Pennsylvanian 
in age. Actually the fusulinid was in a small 
calcite-filled crevice in a Cambro-Ordovician 
dolomite. 

The deposition of shallow-water ben- 
thonic remains and planktonic microfossils 
on beaches is quite common. In his collections 
the writer has samples of the calcarenite 
beach sands from St. Thomas, V.I., which 
are composed of microcoquina, echinoid 
spines, and several species of peneroplid 
Foraminifera. Also, in many areas along the 
Pacific Coast of the United States, the 
spring floods of diatoms frequently accumu- 
late on the beach in sufficient quantities to 
form a deposit several inches thick and of 
great extent. The beach sands at many 
localities along the Atlantic and Gulf Coasts 
contain many shallow-water benthonic For- 
aminifera as well as planktonic forms. The 
beach sands at Galveston, Texas, and at 
Nantasket Beach, Mass., are well-known 
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DISPLACEMENT OF MICROFOSSILS 


Fic. 3.—Redeposition by incorporating fossils into sediments of a sea advancing over exposures 
of older fossiliferous strata (3 progressive stages shown). 


examples of environmental displacement of 
fossils by wave action. 

Submarine wave erosion of older strata 
exposed along the flanks of seamounts, 
guyots, and other subaqueous outcrops is a 
common form of redeposition of microfossils 


(fig. 4). Revelle and Shepard (1955) describe 
Foraminifera from the Pliocene Repetto 
Formation occurring in the deep saddle be- 
tween San Clemente Island and Cortez 
Bank off the coast of Southern California. 
The source of the reworked microfossils is a 
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Fic. 4.—Redeposition and environmental mixing by various subaqueous processes: a. redeposition 
by “squeeze-ups” of older fossiliferous sediments into younger sediments before lithification; b. 
redeposition by subaqueous erosion of older fossiliferous strata; c. environmental mixing and redeposi- 
tion by turbidity currents. 
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series of submarine exposures of the Repetto 
on the flanks of the trough which is being 
eroded and the fossils reworked by waves 
and currents. Off the Atlantic Coast of 
North Carolina, shell fragments and For- 
aminifera derived from the Pliocene and 
Pleistocene coquina beds are being eroded 
subaqueously and redeposited nearshore by 
waves during violent storms. Natland 
(1933) describes Miocene Foraminifera oc- 
curring in the nearshore sediments of south- 
ern California west of Long Beach derived 
from Miocene beds under attack by sub- 
marine wave erosion. 

Littoral and rip currents also play a role 
in redistributing laterally the microfossils 
which have been transported into the near- 
shore marine environment by streams, or 
which have become displaced by waves and 


by undertow (Fig. 2b). 
Displacement by Turbidity Currents 


The environmental mixing of shallow- 
water benthonic Foraminifera into deeper 
water was cited by Phleger (1951) as one of 
the phenomena best explained by the action 
of turbidity currents (fig. 4c). He cited the 
example of faunal mixing in the bottom 
sediments of the San Diego Trough where 
shoal and shallow-water Foraminifera were 
found at depths of from 400 to 600 fathoms; 
these included species of Cassidulina, Buli- 
minella, and Discorbis. Natland and Kuenen 
(1951) also described a similar situation in 
the Lower Pliocene Repetto Formation of 
the Ventura Basin. In this instance, species 
of Elphidium which normally range from 
the shore to depths of 300 feet were found in 
association with species of Foraminifera 
whose range in depth is from 4000 to 5000 
feet and deeper. In discussing the sediments 
of the West Cortez Bank off the California 
coast, Emery and Rittenberg (1952) de- 
scribe a core of coarse sand at a depth of 
5784 feet containing a foraminiferal fauna 
characteristic of the Cortez Bank which is 
less than 500 feet in depth. Phleger (1951) 
also cites the evidences of displaced for- 
aminiferal faunas in the bottom sediments 
of the Sigsbee Deep in the Gulf of Mexico, 
where cores from depths of 12,000 feet con- 
tain abundant species which are now te- 
stricted to waters less than 300 feet deep. In 
discussing the effects of temperature zona- 
tion on the Miocene to Recent Foraminifera 
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and ostracodes in deep basins off the Cali- 
fornia Coast, Crouch (1952) describes many 
instances of samples from great depths 
which contain reworked and displaced 
shallow-water species. Many other examples 
exist of the displacement of shallow-water 
microfossils which have apparently been dis- 


placed into deeper water by the action of 
turbidity currents. 


Displacement by Streams 


Running water plays an important role in 
the displacement of microfossils. The prin- 
cipal role of streams in displacement is two- 
fold: (1) reworking of older microfossils into 
younger horizons (redeposition), and (2) 
lateral displacement of indigenous faunas, 
(environmental mixing). The most common 
type of reworking is the transfer, by way of 
the stream, of weathered-out microfossils 
from older marine horizons into younger 
ones (fig. 5). 

In the Mississippi River drainage system, 
the streams flow over progressively younger 
fossiliferous strata en route to the Gulf of 
Mexico, and many examples exist of the re- 
deposition of late Paleozoic, Mesozoic, and 
Early Cenozoic microfossils into marine 
sediments since Oligocene time (fig. 6). 
Howe (1956, personal communication) de- 
scribed to the writer his observations of the 
Red River in spring flood in southern 
Louisiana, in which the turbid waters were 
found to contain numerous specimens of 
Giimbelina, Globotruncana, and Inoceramus 
prisms floating on the surface of the water 
enroute to the Gulf of Mexico. Barker 
(1956, personal communication) has shown 
the writer samples of sand from a bar in the 
Brazos River of Texas, which contains a 
mixture of modern charophytes, nonmarine 
ostracodes (Candona, Cypris), the common 
marine ostracodes Cytheridea and Para- 
cypris, and the common Upper Cretaceous 
Foraminifera Giimbelina, Globotruncana, as 
well as Upper Cretaceous species of Anoma- 
lina. The same sample also contained Mio- 
cene-Pliocene species of Nodosaria and 
Ceratobulimina. The source beds for the re- 
worked Upper Cretaceous forms in both 
of the above instances are in southern Okla- 
homa and northeast Texas (fig. 6). 

Peck (1956, personal communication) re- 
ported to this writer that the Pleistocene 
loess along the Missouri River in central 
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DISPLACEMENT OF MICROFOSSILS 


Fic. 5.—Redeposition by major stream draining an area of various fossiliferous outcrops; micro- 
fossils may be reworked into sediments of the channel, flood plain, delta, lake, or the ocean. 


OKLA. 


mex Yoo 


Fic. 6.—Map of a portion of the U. S. Gulf Coast showing relationship of fossilferous Cretaceous 
outcrops to the streams redepositing Cretaceous microfossils in the Gulf of Mexico. 
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Missouri contains silt lenses rich in Creta- 
ceous Foraminifera showing little or no signs 
of wear. 

Numerous examples exist of the trans- 
portation of older marine microfossils into 
lacustrine environments. Hedberg (1956, 
personal communication) noted that the 
nonmarine Tertiary strata of the middle 
Magdalena valley in Colombia contain sev- 
eral zones of detrital Cretaceous Foraminif- 
era including Siphogenerinoides and Buli- 
mina. The occurrence of these ‘“‘detrital”’ 
forms in well-defined zones enabled him to 
correlate the continental lacustrine beds, 
since the zones of Foraminifera apparently 
marked periods of active uplift and erosion 
of highly fossiliferous Cretaceous strata in 
the mountains west of the area. 

Carrozzi (1955, personal communication) 
has described to the writer the abundance of 
upper Cretaceous Globotruncana in the bot- 
tom sediments of modern Lake Geneva, 
which have been washed in by streams flow- 
ing over exposed Cretaceous fossil zones in 
the surrounding mountains. 

Hedberg (1956, personal communication) 
has also reported to the present writer that 
Recent sediments on the bottom of Lake 
Maracaibo in western Venezuela contain 
abundant Eocene arenaceous Foraminifera 
derived from nearby exposures. 

The writer has observed Tertiary non- 
marine ostracodes from the Salt Lake 
Group reworked into the Pleistocene sedi- 
ments of Lake Bonneville on the south side 
of the Raft River mountains in northwest- 
ern Utah. The Pennsylvanian Oquirrh for- 
mation is exposed in the locale, with the 
Tertiary lake beds flanking it. Small inter- 
mittent streams flowing out of the Raft 
River Mountains transported both the 
oolites of the Oquirrh and the ostracodes of 
the Salt Lake Group to the shore of Lake 
Bonneville. 

The Wanship formation, of uppermost 
Upper Cretaceous age in northeastern 
Utah, is a complex of fluvial sediments, pri- 
marily channel sands, floodplain siltstones 
with abundant plant remains and thin coals, 
which probably represents a fluvio-lacus- 
trine and somewhat lagoonal environment. 
It overlies the marine Frontier Formation, 
which contains a number of zones of abun- 
dant Foraminifera. Lankford (1953) found 
in the Wanship a number of worn, rounded 
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specimens of Foraminifera reworked from 
the Frontier into the lower portion of the 
Wanship, and was able to determine the 
amount of post-Frontier, pre-Wanship ero- 
sion by calculating the thickness of sediment 
removed from the Frontier down to the 
uppermost horizon of Foraminifera. 


Displacement by Action of Ground 
Water 


The solvent action of ground water and 
descending vadose water can accomplish the 
type of displacement known as the strati- 
graphic leak. The downward displacement 
of younger microfossils into solution cavities 
and joints in older limestones by marine 
transgression has been previously discussed. 
Branson and Mehl (1940) have described 
several cases in which conodonts have been 
displaced downward by the action of ground 
water (fig. 7). Descent of surface waters 
through mantle rock containing micro- 
fossils may transport such fossils into lime- 
stone caverns and sinks, thus burying 
younger fossils in older sediments. One such 
occurrence of this type is in exposures of 
Niagaran dolomite in the Elmhurst quarry 
near Chicago. The joints and bedding planes 
of the Niagaran contain Devonian and 
Lower Mississippian conodonts and_ fish 
teeth (Branson, C.C., personal communica- 
tion). 

Ground water can also produce strati- 
graphic leaks by intrastratal solution of thin 
fossil-bearing limestones in a shale sequence 
(fig. 7b). 


Displacement by Wind Action 


Wind displacement of microfossils is of 
three types: (1) incorporation of weathered- 
out older fossils into younger dunes migrat- 
ing across a fossiliferous exposure (rework- 
ing), (2) formation of dunes made up of ac- 
cumulations of organic remains on beaches 
of the ocean and of large lakes (environ- 
mental mixing), (fig. 8), and (3) incorpora- 
tion of small microfossils such as spores, 
pollens, and diatoms into the suspension 
load and redeposition in dust deposits. 

In the first case, Grabau (1913, p. 573- 
578) describes the movement of dunes of 
pure quartz sand across the floor of the 
Libyan desert. They eventually migrate 
across a portion of the desert floor underlain 
by fossiliferous Upper Cretaceous and 
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Fic. 7.—Displacement by ground water. a. Stratigraphic leak from a younger fossiliferous unit 
into solution cavities, pits, and bedding planes in an older limestone at an unconformity; b and c. 
stratigraphic leak produced by intrastratal solution of thin fossiliferous limestone in a shale sequence. 
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ENVIRONMENTAL MIXING FROM LITTORAL AREA OF OCEAN 
OR LAKE INTO DUNES MIGRATING LANDWARD 


REDEPOSITION BY WIND ACTION 
FOSSILS WEATHERED INTO REGOLITH, INCORPORATED INTO DUNES. 


Fic. 8.—Displacement by wind action. a. environmental mixing from littoral area of ocean or 
lake into dunes migrating landward; b. weathered-out microfossils incorporated into migrating dune 
(sequence of events and wind direction from right to left). 
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Lower Tertiary strata, and the weathered- 
out microfossils, principally Foraminifera, 
are incorporated into the dunes (fig 8b). 

Many examples exist of the incorporation 
of microfossils and fragments of larger fos- 
sils into dunes formed landward from the 
beaches of the ocean and of large lakes 
(figure 8a). Among the best-known examples 
are the dunes of the Dog’s Bay area on the 
southwest coast of Ireland, near Galway. 
Shallow-water benthonic Foraminifera, in- 
cluding many species of Miliolidae, and the 
abundant planktonic form Truncatulina 
lobatula are carried into Dog’s Bay and 
nearby Gortch Bay by surface drift. High 
tides spread out the tests on a gently sloping 
beach. The wind forms dunes of this ma- 
terial which includes ostracodes and shell 
fragments, and the material travels several 
miles inland across the isthmus (Grabau, 
1913). 

Evans (1900) describes a calcarenite, the 
Junagarh Limestone lying above the Deccan 
trap in the Kathiawar Peninsula in western 
India, which is composed of Recent shallow- 
water Foraminifera and coral fragments. 
The cross-bedded limestone is’ about 30 
miles from the sea, and consists of worn and 
polished tests of Amphistegina lessoni, 
Pulvinulina, Operculina, Rotalia, Miliolina, 
and abundant ostracode fragments. The 
Junagarh is strongly cross-bedded in many 
directions, and is undoubtedly a dune de- 
posit. 

The general area surrounding the eastern 
Mediterranean and the Arabian and Red 
Seas contains many areas composed of dunes 
of calcarenite made up primarily of the 
tests of Foraminifera; fragments of the large 
orbitoids are quite common, and on the 
coast of the Arabian Sea there are many 
dunes composed entirely of Miliolidae. 

The 500-foot Montpelier Limestone of 
Jamaica is almost entirely composed of 
whole and fragmental tests of Foraminifera. 
The beach and dune sands of the Virgin Is- 
lands and of Bermuda are commonly a 
microcoquina or calcarenite composed pri- 
marily of Foraminifera, ostracodes, and mol- 
lusks. 

The present writer has described a great 
series of gypsum-oolite dunes occurring on 
the eastern margin of the Great Salt Lake 
Desert of Utah which contain quite a num- 
ber of ostracodes and gastropod fragments 
derived from the huge playa which in early 
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Recent time occupied the desert (Jones, 
1954). Recent work by the writer on the 
sediments of Danger Cave, an archaeologi- 
cal site in the Pilot Range on the Utah- 
Nevada line, shows that the mouth of the 
cave area is blocked with dunes of oolites, 
algal fragments, and abundant ostracodes 
from this same playa lake. 

The wind dispersal of spores and pollens 
from the source plants into such varied envi- 
ronments as the flood plains of streams, 
lakes, lagoons, and the nearshore environ- 
ments of the oceans is an excellent example 
of environmental mixing which has been put 
to significant use in both stratigraphic and 
paleoecologic work (fig. 9). The relative 
abundance of the spores in various samples 
makes possible the determination of the 
source area, and the wide dispersal of similar 
forms makes possible the correlation of 
marine with nonmarine strata. 


Displacement of Microfossils by 
Organisms 


Redeposition, stratigraphic leaks, and 
environmental mixing of microfossils are 
frequently accomplished by the action of or- 
ganisms. Burrowing forms including insects, 
crustaceans, worms, and various rodents ac- 
complish both redeposition and downward 
reworking of younger fossils into older 
horizons (fig. 10). In the Hatchitigbee Anti- 
cline area of Florida microfossils of the 
Lisbon Formation have been displaced 
downward as much as three feet into the 
underlying Tallahatta Formation by the 
burrowing action of crabs (Branson, C.C., 
1956, personal communication), and in the 
Oklahoma-Texas Panhandle gopher bur- 
rows have carried snails and pollens of 
Pleistocene age several feet downward into 
the underlying Tertiary Ogallala Formation 
(Branson, C.C., 1956, personal communica- 
tion). Also, in the continental Tertiary 
Bridger Formation of southwestern Wyo- 
ming, the writer has observed large ant hills 
whose component fragments contain small 
teeth and other bone fragments brought up 
from the fossiliferous Eocene beds below 
as the ants expand their subterranean bur- 
rows (fig. 10b). 

Migratory waterfowl play a somewhat 
significant part in environmental mixing of 
fossils. As they travel on their flyways they 
land in such varied aquatic environments as 
the stream, flood plain lake, coastal and in- 
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Fic. 9.—Environmental mixing by means of wind dispersal of airborne spores and pollens into 
lacustrine, lagoonal, and nearshore marine environments. 


i Fic. 10.—Displacement by organisms: a. stratigraphic leak produced by action of burrowing 
] organism; b. redeposition produced by action of burrowing organism. 


land lake, open marine waters, and the shal- become hosts for a variety of planktonic and 
low, restricted environments of bays and nektonic microorganisms including Forami- 
lagoons (fig. 11). Their feet and plumage  nifera, limnetic ostracodes, diatoms, and 
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algae. Benthonic microorganisms may be 
taken into the digestive system of the birds 
and excreted in quite another environment. 
Several species of ostracodes have been D D 

known to extend their northward range A BA\\ LAKE 
from South America into North America D che 

within a comparatively few years primarily Vs 

by “hitch-hiking” from lake to lake on the 
plumage and feet of migratory waterfowl. 


Displacement by Glaciers 


In considering this form of displacement, / ~B 
the incorporation of erratic boulders, cob- eg 
bles, and pebbles of fossiliferous older strata 
into moraines will not be considered as true 
diaplacement. Several examples exist, how- B LAGOON 
ever, of the incorporation of weathered-out 
microfossils from older regoliths into the 
glacial drift and subsequent dispersal from 
the drift into various environments (fig. 
12a). 


For example, many micropaleontologists 
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Fic. 11.—Environmental mixing by action 
of migratory waterfowl (organisms on plumage, 


suggest that the Pleistocene shallow-water _ feet, in excreta of birds). 
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REDEPOSITION AND ENVIRONMENTAL MIXING BY MEANSOF GLACIAL 
MOVEMENT OVER REGOLITH CONTAINING MICROFOSSILS(WEATHERED OUT) | 


REDEPOSITION AND ENVIRONMENTAL MIXING BY MEANS OF 
CONTINENTAL GLACIER ADVANCING FROMLAND INTO SEA. 


Fic. 12.—Displacement by glacial ice: a. redeposition and environmental mixing by means of 
glacial movement over regolith containing weathered-out microfossils; b. redeposition and environ- 
mental mixing by means of continental glacier advancing from land into sea. 
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Foraminifera reported by Ericson, Ewing, 
and Heezen (1952) from the deep waters of 
the North Atlantic may have been picked 
up from nearshore by late Wisconsin glaciers 
and rafted into the deep waters (fig. 12b) 
(Rainwater, 1956, personal communica- 
tion). 

Kaye (1952) cites two examples of the re- 
deposition of Cretaceous and Paleocene 
Foraminifera by incorporation into glacial 
drift. In one instance the 100-mesh sieve 
fraction of a glacial drift near Froid, Mon- 
tana, was found to contain abundant Upper 
Cretaceous Globigerina which showed little 
or no breakage. The source rock for the 
foraminiferal tests is a series of exposures in 
the foothills of the Canadian Rockies about 
130 miles north of the exposure of the drift. 
In another instance Foraminifera from the 
underlying Cannonball Formation were 
found in fine fractions of a blue-gray Pleis- 
tocene till exposed one-half mile southeast 
of Velva, North Dakota. 

Hough (1934) has described a most un- 
usual case of redeposition in which glaciers, 
slope wash, and lakes were involved. The 
tap water in the paleontology laboratories 
of Walker Museum at the University of 
Chicago was found to contain Devonian 
spores, which had been incorporated into 
the Wisconsin drift in the Chicago area, 
washed into Lake Michigan, and taken from 
the lake into the municipal water system. 
Core samples of Recent Lake Michigan bot- 
tom clays were found to contain the same 
type of remains. 


Displacement by Other Natural 
Processes 


In addition to the mechanisms previously 
described, there are examples of displace- 
ment of microfossils by such miscellaneous 
processes as intrusion, or “‘squeeze-up”’ of 
older sediments into younger sediments dur- 
ing compaction, the action of mud vol- 
canoes near beaches, and salt dome intru- 
sions of older strata into younger submarine 
sediments with subsequent submarine wave 
and current erosion and redeposition (fig. 
4a). 


ARTIFICIAL DISPLACEMENT 
(CONTAMINATION) 


Contamination of samples collected for 
purposes of micropaleontological analysis is 
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at times a cause of serious misinterpretation 
of faunal content. Both surface and subsur- 
face samples can become contaminated in 
the field and in the laboratory. 


Field Contamination of Surface Samples 


Material collected in the field as surface 
samples can become contaminated with un- 
desired microfossils from (1) improperly 
cleaned implements such as picks, shovels, 
and other tools used in digging or breaking 
off the samples from the outcrop; (2) sur- 
face contamination of outcrop samples by 
airborne dusts containing pollens, spores, 
and similar small organic remains; (3) slope 
wash of higher, softer fossiliferous materials 
down over the surface of a lower outcrop. 


Contamination of Subsurface Samples 


Contamination of upper horizons into 
lower samples is likely if improper augering 
of shallow test holes is done. Most of the 
serious contamination, however, comes from 
ditch samples obtained during rotary drill- 
ing operations. The problem is not quite so 
serious in those subsurface sections contain- 
ing numerous horizons of extremely abun- 
dant microfossils, such as those in the 
Tertiary of the Gulf Coast and California. 
In many of the Paleozoic and Mesozoic sec- 
tions penetrated by the drill, however, the 
numbers of microfossils encountered are 
considerably less, and the results of con- 
taminations can seriously affect interpreta- 
tion of data obtained from micropaleonto- 
logical analysis. Contamination of samples 
during rotary drilling operations is usually 
caused by: (1) separation of the fossils from 
the matrix during drilling and circulation of 
mud, rendering impossible the association 
of the fossil with its containing lithology, (2) 
recirculation of fossils from the mud pits 
back into the circulation system, (3) re-use 
of drilling mud from one well to another 
without proper screening and removal of old 
cuttings, (4) accumulation of fossils and 
fragments on the bottom of the hole during 
periods of low pump pressure, then reagita- 
tion and displacement by subsequent in- 
creases in mud stream pressures and veloc- 
ities, (5) mechanical size-sorting of fossils 
and fragments by settling back through the 
ascending mud stream at varying densities 
and velocities. 
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Contamination of Samples in the 
Laboratory 


The preparation and separation of sam- 
ples in the laboratory affords many oppor- 
tunities for contamination, most of which 
can be avoided by proper care. Common 
sources of laboratory contamination are: (1) 
air contamination of samples by such dust 
particles as diatoms, spores, and pollens, or 
by dust from dry sieving of concentrates, 
(3) accidental spilling of samples, and (4) 
contamination due to improper cleaning of 
laboratory vessels and equipment including 
beakers, mortars, pestles, screen sieves, 
brushes, and stirring rods. 


CRITERIA FOR RECOGNITION OF 
DISPLACED MICROFOSSILS 


The following criteria for recognition of 
displaced microfossils are suggested by the 
writer, based upon an earlier listing (Jones, 
1956) and upon subsequent studies of dis- 
placed faunas: 

1.—Abnormally high percentages of trag- 
mentary microfossils or of highly orna- 
mented tests whose spines, nodes, ridges, or 
other ornamentation may be partially or 
entirely worn off suggest strongly that the 
tests have peen transported. This is particu- 
larly true of larger microfossils in the size 
range of granules and coarse sand. 

2.—The abundance of dissociated parts or 
skeletal fragments but absence of articu- 
lated portions or complete remains of such 
forms as echinoids and crinoids, may sug- 
gest displacement. 

3.—If the largest microfossils in the sedi- 
ment are no larger than the largest inor- 
ganic particles, of if the average particle 
size distribution of the microfauna closely 
resembles that of the containing sediment, 
the chances are that the fauna was intro- 
duced with the sediment. 

4.—The occurrence of specimens of differ- 
ing color, texture, or mineral composition 
within the same species suggests that some 
of the specimens may be displaced. 

5.—The absence of normal growth stage 
series and of immature forms of most of the 
species strongly suggests some type of parti- 
cle size sorting, indicating displacement of 
the fauna. 

6.—In the case of assemblages consisting 
of large numbers of arenaceous Foraminif- 


era, obvious differences in the degree of dis- 
tortion or compaction of the specimens, sug- 
gests that part of the fauna may be dis- 
placed. 

7.—Bedding plane surfaces may on occa- 
sion exhibit large numbers of such elongate 
microfossils as fusulinid tests which show a 
preferred orientation, their long axes all 
parallel. This may indicate reworking or dis- 
placement laterally. 

8.—If mixing of faunas is suspected, it is 
probable that those forms exhibiting the 
highest degree of sphericity and buoyancy 
have been introduced into the assemblage. 

Recognition of stratigraphically displaced 
microfossils necessitates a thorough knowl- 
edge of normal stratigraphic ranges and 
sequences of microfaunas. The greater the 
stratigraphic interval represented by the en- 
tire fauna, the more readily recognizable is 
the displaced element. 


CONCLUSIONS 


From this brief review of the natural and 
artificial displacement of microfossils, cer- 
tain conclusions may be drawn: 

1.—Microfossils, because of their small 
size, are particularly susceptible to dis- 
placement, either horizontal or vertical, 
after deposition and before final entomb- 
ment. 

2.—Redeposition, or the displacement of 
older fossils into younger zones, is more com- 
mon than the stratigraphic leak. 

3.—Environmental mixing, intraconti- 
nental, intramarine, from continental into 
marine, and vice versa, is also a fairly com- 
mon phenomenon. 

4.—Horizontal and vertical displacement 
are both accomplished by such natural 
agents as waves and currents, streams, 
turbidity currents, ground water, gravity, 
glacial ice, wind, and by various organisms. 

5.—Artificial displacement or contamina- 
tion of samples both in the field and in the 
laboratory can produce serious complica- 
tions in the interpretation of micropaleon- 
tological data. 

6.—Displacement should be expected at 
unconformities, at contacts or facies changes 
between marine and non-marine sedimen- 
tary units, and in areas known to be adjacent 
to ancient shorelines during various inter- 
vals of geologic time. 
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ABSTRACT 


A method is outlined whereby the contents of ten trace elements in the non-detrital fraction of 
limestones can be determined spectrographically down to values of the order of 0.05 ppm. For five 
other elements the method is useful but less sensitive. The method is based on the mixed precipitants 
technique of Mitchell and Scott (1947) and Heggen and Strock (1953) modified to satisfy the require- 
ments of investigations in sedimentary geochemistry. 


INTRODUCTION 


Geochemical investigations may deter- 
mine the distribution of selected elements 
through a wide range of geological materials 
(for example, Shaw, 1952a, b), or alterna- 
tively the contents of as many elements as 
possible may be determined in a number of 
related rocks (Wager and Mitchell, 1943, 
1951; Nockolds and Mitchell, 1948; and 
Nockolds and Allen, 1953, 1954, 1956). 

The techniques for the two types of in- 
vestigation are sharply contrasted. The 
former requires methods selective for the ele- 
ment studied; the latter requires methods 
enabling as many elements as possible to be 
determined in the minimum number of op- 
erations. As has long been realised, spectro- 
graphic techniques are particularly appro- 
priate for this second type of investigation. 

In the study of sedimentary rocks the con- 
tent of trace elements may often be below 
the limit of detection by normal spectro- 
graphic methods. In many cases, however, a 
marked concentration of several trace ele- 
ments present may be effected by the use 
of a suitable precipitation technique if the 
rock can be brought into solution. Thus a 
combined precipitation-spectrographic tech- 
nique is distinctly more sensitive for certain 
elements than a direct spectrographic analy- 
sis of the sample. 

In certain respects geochemical investiga- 
tions of sedimentary rocks involve greater 
difficulties than are encountered in studies 
of igneous rocks. Krynine (1948) pointed out 


that sedimentary rocks may be regarded as 


1 Manuscript received April 18, 1958. 


a mixture of material carried into the basin 
of deposition in the solid state and material 
entering the basin of deposition in solution. 
The former will be referred to here as 
detrital material. Since the latter may be- 
come incorporated into the sediment 
through a variety of processes the term non- 
detrital material will be applied to it. This 
term in no way implies any definite process 
of extraction from solution into the sedi- 
ment. While the trace elements present in 
igneous rocks may reasonably be regarded 
as having been present in the magma from 
which the igneous rock crystallised, no such 
simple hypothesis can be utilized in sedi- 
mentary studies. Trace elements contained in 
sedimentary rocks may be of detrital or non- 
detrial origin. Thus for a full understanding 
of the geochemistry of sedimentary rocks it 
is insufficient to determine only the trace 
element contents of the total rocks; it is 
necessary to determine the detrital and non- 
detrital contributions of any given element 
to the total composition of the rock. 

The fine grain and intimate admixture of 
the minerals of many shales, marls, and re- 
lated rocks makes inapplicable the tech- 
niques of mineral separation used in studies 
of igneous rocks, and at present selective 
chemical attack on the rocks appears a more 
hopeful line of enquiry. Many impure lime- 
stones, for example, can be considered to 
contain two distinct fractions, an essentially 
carbonate fraction, such as CaCO; or FeCOs 
of non-detrital origin, and a detrital frac- 
tion made up essentially of silicates, clay 
minerals or quartz. A weak acid attack on 
the rock will liberate into solution those ele- 
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ments in the carbonate fraction and those 
which can be leached from the detrital frac- 
tion, for example by ion-exchange, but will 
leave in the residue those elements occupy- 
ing structural positions in the silicates. 
While some separation of detrital and non- 
detrital trace elements is thus effected it is 
clear that certain non-detritals may be left 
in the unattacked residue (original colloidal 
material that has subsequently recrystal- 
lised to acid-resistant minerals, non-detrital 
sulphides, for example) and consideration 
must be given to this in interpretation of re- 
sults. Filtration and washing of the residue 
from such an acid attack effects a separation 
of those elements in the acid soluble frac- 
tion from the remainder of the rock. 

Evaporation of the acid solution would 
permit the elements in this fraction to be 
collected as a mixture of salts. This mixture 
would be largely calcium and magnesium 
salts (if the acid soluble fraction had been 
obtained by attack on limestones) and, as 
later results (table 4) will show, the content 
of trace elements would frequently be be- 
low the limit of sensitivity of normal spec- 
trographic methods. It is desirable, there- 
fore, to precipitate the trace elements from 
the acid solution selectively, leaving the cal- 
cium and magnesium in solution. This can 
be done by the use of organic reagents. 

Organic reagents have long been used in 
inorganic analysis particularly in the evolu- 
tion of methods specific to one element. 
Some reagents lack the necessary specific 
character and complex a considerable num- 
ber of inorganic ions. These reagents can be 
applied to a problem such as the one con- 
sidered here when, within certain limits, the 
less specific their character the better. If 
D.C. are spectrographic analysis is to be ap- 
plied, it is clearly desirable that the organic 
reagents used should involve a precipitation 
rather than an extraction procedure since 
the latter would involve evaporation of the 
resulting solutions and collection of their 
contained elements into a solid base. 

The value of 8-hydroxyquinoline as an 
organic complexing reagent was early real- 
ised by Scott and Mitchell (1943) who de- 
veloped a technique using this reagent only, 
aluminium and iron quinolates acting as 
carrier precipitates. The incomplete pre- 
cipitation of chromium, vanadium, silver, 
tin, lead, germanium, beryllium, and cad- 
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mium by this reagent led to the develop- 
ment (Mitchell and Scott, 1947) of the 
mixed precipitants technique using the 
combined effects of 8-hydroxyquinoline, 
tannin, and thionalide. The precipitation 
of silver, tin, and lead is probable as thiona- 
lates but the scavenging effect of the tannin 
is probably significant in rendering the pre- 
cipitations quantitative, especially for chro- 
mium, vanadium, and beryllium. 

Other organic reagents possessing poten- 
tialities for investigations of this type are 
ammonium _nitrosodiphenylhydroxylamine 
(cupferron), anthranilic acid, and 5-bromo- 
2- aminobenzoic acid. Details of their reac- 
tions are given by Flagg (1948). 


DETAILS OF PROCEDURE 
Chemical Procedure 

The chemical technique adopted in this 
work is essentially the mixed precipitants 
procedure outlined by Heggen and Strock 
(1953) and based on that originally devel- 
oped by Mitchell and Scott (1947). This 
combination of organic complexing reagents 
has been found to precipitate silver, alumin- 
ium, bismuth, cadmium, cobalt, chromi- 
um, copper, iron, gallium, germanium, 
indium, molybdenum, beryllium, nickel, 
lead, tin, titanium, vanadium, and zinc , 
quantitatively under the conditions used. 
Elements other than those listed are pre- 
cipitated, but have not at present been stud- 
ied quantitatively. Calcium and magnesi- 
um are not precipitated if careful atten- 
tion is paid to operating conditions, and 
hence when the technique is applied to the 
analysis of the acid soluble fraction of lime- 
stones, a notable concentration of other ele- 
ments is achieved in the collected precipitate. 
In the determination of the trace element 
content of the non-detrital fraction of a 
limestone, the primary attack is by 25% 
(by volume) acetic acid. Ray, Gault and 
Dodd (1957) have demonstrated that this 
acid dissolves the carbonates but will not 
destroy the clay mineral lattices. The 
volume of acid used depends on the weight 
of rock taken and is normally 100 ml for 
10-12 gm of rock. However, if it is thought 
that the precipitate may be small, as would 
be expected in the case of a very pure lime- 
stone, a larger sample and consequently a 
greater volume of acid may be taken. After 
agitation and leaving overnight, the insolu- 
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ble residue is filtered off and thoroughly 
washed with dilute acetic acid. To the fil- 
trate is then added a 5% solution of 8- 
hydroxyquinoline in 2N acetic acid. Heggen 
and Strock (1953) report that 10 ml is suf- 
ficient, but since the precipitates in rock 
analysis are liable to be of appreciable size, 
15-20 ml of this precipitant is better. The 
sample is then brought to pH 1.8 by adding 
hydrochloric acid. It was found that the use 
of acetic acid as the solvent made it nec- 
essary to add hydrochloric acid at this stage 
since the pH was invariably above 1.8. A 
green colour at pH 1.8-1.9 is indicative of 
the presence of iron, presumably in the form 
of iron quinolate. Forty-five ml of 2N am- 
monium acetate are then added and the pH 
adjusted to 5.2 by the addition of dilute 
ammonium hydroxide. A pH meter with ex- 
tension electrodes is used for these deter- 
minations because the pH of 5.2, in particu- 
lar, is critical. If the pH is below 5.2, chro- 
mium, nickel, lead, and tin are incompletely 
precipitated, while at a higher pH calcium 
and magnesium are precipitated. Two ml of 
a freshly prepared 10% solution of tannic 
acid in 2N ammonium acetate are then 
added and stirred, after which, 2 ml of a1% 
solution of thionalide in glacial acetic acid is 
added. After stirring, ammonia equivalent 
to the 2 ml of glacial acetic acid is added, 
the quantity having been previously deter- 
mined by titration with bromthymol blue as 
indicator. 

The solution, after further stirring, is 
left to stand overnight and is then filtered 
through a Whatman No. 40 filter paper, 
using suction. The precipitate is washed 
thoroughly with a dilute solution of 8- 
hydroxyquinoline in distilled water, buffered 
to a pH of 5.2 with ammonium acetate. The 
precipitate, in an ignited, weighed, porcelain 
crucible, is then slowly heated to 450°C in 
an electric muffle furnace, at which temper- 
ature it is ashed overnight. The amount of 
precipitate from rock analysis is liable to be 
quite appreciable, consequently carrier pre- 
cipitates are seldom necessary. If, however, 
it is thought that the amount of precipitate 
is likely to be very small, a carrier precipi- 
tate of iron or aluminium oxide can be added 
(Mitchell and Scott, 1948). The chief reason 
for the omission of indium, used as a carrier 
precipitate and internal standard by Heggen 
and Strock (1953) was the desire to analyse 
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for this element, its quantitative precipita- 
tion by the technique making this possible. 


Spectrographic Procedure 


General techniques—The ash is cooled, 
weighed, and transferred to a mortar where, 
if of insufficient amount for the necessary 
determinations to be made, a _ weighed 
amount of iron oxide or aluminium oxide is 
added and thoroughly mixed with the pre- 
cipitate. The mixture is then split into two 
fractions. To one fraction a carbon-palladium 
mixture (containing 1000 ppm Pd) is added 
in the proportion one part of ash fraction to 
two parts carbon-palladium mixture; this 
charge is used for the determination of the 
involatile elements. To the other fraction 
sodium carbonate containing 1000 ppm 
thallium is added in the proportion four 
parts of ash fraction to one part Na,CO;-TI1 
mixture to produce the charge used for the 
determination of volatile elements. Sodium 
carbonate, as a buffer, satisfactorily reduces 
CN emission and enables readings to be 
made on certain sensitive lines which would 
otherwise be obliterated by CN bands. The 
possibility of introducing both internal 
standards with the carbon buffer was con- 
sidered, the CN emission to be suppressed 
by arcing in a CO, atmosphere with a jet of 
the same gas surrounding the arc. Investiga- 
tion showed that CN emission was not satis- 
factorily suppressed. Heggen and Strock 
(1953) used indium as internal standard, 
but our investigations on the volatility of 
this element and the more involatile ele- 
ments precipitated, such as chromium and 
vanadium (fig. 1), have indicated that in- 
dium was less satisfactory than palladium 
as an internal standard for these elements. 

The charges, prepared as described above, 
are placed in high quality carbon anodes 
accurately machined to the following dimen- 
sions: outside diameter 4.8 mm, crater in- 
ternal diameter 3.2 mm, crater depth 
(cylindrical) 6.0 mm. Pointed cathodes are 
cut from the same high quality carbon rod. 
Anode excitation in a D.C. arc is used. 
Charges for the determination of involatile 
elements are pre-heated for approximately 
10 seconds at 4-5 amps and then arced to 
completion at 7 amps. Charges for the de- 
termination of volatile elements are arced 
for 5 minutes in the Fe,O; matrix and 7 
minutes in the Al.O; matrix at 4 amps. The 
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Fic. 1.—Volatility curves for the elements, chromium, vanadium, nickel, cobalt, silver, molyb- 
denum, indium and palladium in an Fe,O; matrix, arced at 7 amperes to completion. 


plates are processed according to the 
makers’ instructions and photometered on a 
Hilger non-recording microphotometer. Cal- 
ibration curves are constructed from galvan- 
ometer readings using Seidel function?- 
millimetre graph paper, designed in this 
laboratory and prepared by J. Halden and 
Co. of Manchester, and background correc- 


2 The Seidel function log {(do/d) —1 }—where 
do is the galvanometer reading for photometer 
beam transmitted through clear glass of photo- 
graphic plate and d the reading for transmitted 
beam after passage through a spectral line—is 
frequently preferred to the density function, 
log do/d, on account of the extended straight 
section of the characteristic curve produced. 


tions applied where necessary (for details 
see Rushton and Nicholls, 1957). Table 1 
shows the lines used over the wavelength 
range 2810A-S000A. 

Standards for compilation of working 
curves.—Ashing, subsequent to the precipa- 
tation by organic complexing reagents, con- 
verts an originally organic precipitate to a 
mixture of oxides. Consequently, standards 
are prepared by straightforward dilution of 
a series of oxides of the elements known to 
be quantitatively precipitated by the tech- 
nique. These standards are subsequently di- 
vided each into two portions to which ap- 
propriate buffers and internal standards are 
added as for analysis material. 
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TABLE 1.—Data on wavelengths of lines used for trace element determinations 


Other wave 
lengths 


Excitation 
Element potential 


Remarks 


Pd 
Tl 


3481 .152 
3775 .72 


4.78 v. —_ Internal standard for involatile fraction. 


327 Internal standard for volatile fraction. 


Ni 3414.765 3.64 v. 3524 .541 Involatile; detection limit 3 ppm. 
3492 .956 


Co 3453 .505 4.00 v. 3403 .120 Involatile; detection to 1 ppm. 


V 4379 .238 Sviz-v. — Involatile; detection to 1 ppm. Line used 
in Al,O; matrix. 


3185 .396 3.94 v. — Involatile; detection to 1 ppm. Line used 
in Fe,O; matrix. 


Cr 4254 .346 
Mo 3170 .347 


.90 v. 4274 .803 Invoiatile; detection to 1 ppm. 


w 


.89 v. 3798 .252 Involatile; detection to 1 ppm. Interfer- 
3902 .963 ence precludes use of most sensitive line. 


Ag 3280 .683 SehOVy: 3382 .891 Analysed better with the involatiles. Detec- 
tion to <1 p.p.m. Self absorption at con- 
centrations higher than 316 ppm. 


Be 3130.416 3.94 v. 3131 .072 Involatile; detection to <10 ppm. Wave 
length precludes use of most sensitive line. 


Pb 4057 .82 


.36 v. 3683 .471 Volatile; detection limit +3 ppm. 


Ga 4172 .056 3.06 v. 4032 .982 Volatile: detection to 1 ppm. Al:O; base. 
Dectection to 10 p.p.m. FeO; base. 


In 4511 .323 


w 


.01 v. 3256.09 Volatile; detection to 1 ppm. 


Ge 3039 .064 


.94 v. 3269 .494 Volatile; detection to <10 ppm. Self 
absorption probable at concentrations 
higher than 316 ppm. 


Cu 3247 .540 3.80 v. 3273 .962 Volatile; detection to 1 ppm. General low 
slope due to contamination from carbons. 
Self absorption probable at concentrations 
higher than 316 ppm. 


Bi 3067 .716 4.02 v. 4722 .552 Volatile; detection to 1 ppm. FeO; base. 
Detection to 10 ppm. Al,O; base. 


Sn 3175 .019 4.31 v. 3262 .328 Volatile; detection limit approximately 30 
2839 .989 ppm. 


Cd 3261 .057 3.18 V. 3466.201 Volatile; detection limit approximately 30 
ppm. Wave length precludes use of most 
sensitive line. 


Zn 3345 .020 7.45 Vv. 4810 .534 Volatile; rather insensitive, detection limit 
<300 ppm. Wave length precludes use of 
most sensitive line. 


Necessity for blank determinations. Impor- The distilled water used both for making up 
tant factors to be considered in work of this solutions and for washing apparatus should 
nature are the sources of contamination. be at least doubly distilled in glass or alter- 
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COBALT 
PALLADIUM 


I Gq 34683: 
I Pd 3481 
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Al,O, MATRIX. 


STANDARDS -FROM MECHANICAL MIXES. 
STANDARDS SUBJECTED TO THE 
CONCENTRATION PROCEDURE, 
STANDARDS SUBJECTED TO THE 
CONCENTRATION PROCEDURE AFTER 
CORRECTION FOR BLANK, 


CONCENTRATION Co.ppm. 


10 


100 


Fic. 2.—The cobalt working curve in an Al,O; matrix: cobalt vs. palladium. 


natively purified by passage through an ion 
exchange column. Reagents used must be of 
a high standard of purity and all glass-ware 
should be soaked in acid solution and thor- 
oughly washed in the specially purified 
water before use. The cleaning agents used 
should contain no elements to be deter- 
mined, thus precluding the use of the chro- 
mate-sulphuric acid cleaning agent. It is ex- 
tremely important that blanks should be 
run with all samples. These should receive 
exactly the same amounts of acids, reagents, 
and water as the samples, the values derived 
for trace elements being subtracted from 
sample values. Heggen and Strock (1953) 
point out that blank values are usually 
lower when electrical heating apparatus 


rather than gas is used. 

Extensive checks on the quantitative 
accuracy of the procedure were carried out 
be Heggen and Strock (1953) who treated a 
series of standard solutions to the precipita- 
tion procedure. Consequently only three 
standards were taken through the proce- 
dure, 100 ppm, 10 ppm, and 3.16 ppm. 
Figure 2 shows the cobalt working curve in 
an Al,O; matrix. The values of intensity 
ratio for the standard at 100 ppm show close 
correspondence to those from mechanical 
mixtures, but in the lower part of the curve 
intensity ratios are higher for those samples 
which had been treated by the precipitation 
procedure. This may be attributed to con- 
tamination from the chemicals used in the 
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precipitation technique. Such contamina- 
tion can be corrected by running blanks. 
Blank values on one run were: Ni 28 ppm, 
V 17.5 ppm, Cr 7.7 ppm, Pb 15 ppm, Cu 
12.8 ppm, Co 3 ppm, Bi 1.1 ppm. Ag trace, 
Mo, Ti, Sn, Cd, Zn, In, and Ga are below the 
detection limit. Thus the Co contents of the 
three standards taken through the procedure 
should be corrected to 103 ppm, 13 ppm, 
and 6.16 ppm. The corrected working curve 
is plotted in figure 2 and coincides with the 
working curve compiled from the oxide 
standards. This indicates that precipitation 
is quantitative and that working curves can 
be prepared using oxide standards. It also 
emphasizes the need to run blanks with any 
series of samples being analysed and to 
make appropriate blank corrections. 


Reproducibility of Results 


Calculation of the amounts present in the 
soluble fraction of the rocks, from the deter- 
minations on the ashed concentrates is made 
by applying the formula 


Content of element Ey y 

in soluble fraction = 
where ashed diluted concentrate contains 
N ppm of an element E, x gm is the weight 
of ashed concentrate added to X —x gm of 
dilutent material (Al,O; or Fe.O3) to give 
X gm of analysis material. y gm is the total 
wt. of ashed concentrate obtained from Y 
gm of soluble fraction, where Y is the differ- 
ence in weight of original limestone taken 
and the weight of residue left after acetic 
acid attack. 

Table 2 presents the results of eight sepa- 
rate Cr determinations in the soluble frac- 
tion of the Jurassic limestone A.N.9 and 
standard deviations for the other elements. 

The small number of determinations used 
implies that these standard deviations are 
only approximate. 


Effect of Concentrate Matrix 
Composition 


Working curves were compiled for FeO; 
rich and Al,O; rich base matrices and some 
variation was shown to exist in the intensity 
ratios of analysis pairs corresponding to the 
same trace element concentrations (see 
figs. 3a and 3b). For most elements the 
ratio of analysis line to that of the internal 
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TABLE 2.—Reproducibility data for limestone 
A.N.9: Chromium 


% (% devi- 
Deviation tion)? 


ppm Cr. deviation 


0.35 
0.41 
0.33 (5) 
0.32 


0.34 
0.40 (5) 
0.40 
0.40 


Mean =0.37 


(% deviation)? = 703 


Standard deviation s= 


Standard deviations for other elements 
computed similarly were 


Nickel 
Tin 
Titanium 
Vanadium 
Cadmium 


Copper 
Cobalt 


(5.73 ppm mean) 
(5.33 ppm mean) 
(0.64 ppm mean) 
(1.49 ppm mean) 
(5.52 ppm mean) 
(0.14 ppm mean) 
(0.35 ppm mean) 


standard line is higher in the Al.O, matrix, 
possibly because of the longer burn in this 
matrix. Mo is an exception, Mo 3170/Pd 
3481 being higher in a Fe.O; matrix. It is in 
any case desirable to prepare two sets of 
working curves corresponding to the two 
extremes of matrix composition and to use 
the appropriate set in any given case. Direct 
inspection of the spectrograms may be used 
to determine the iron or aluminium rich 
nature of the matrix. Scott (1945) and 
Ahrens (1950) have summarised the effects 
of matrix composition on spectral line in- 
tensity, giving several possible causes for 
such changes. 


Use of Hydrochloric Acid for 
Initial Attack 


Acetic acid was chosen rather than hydro- 
chloric acid for the initial attack on the 
limestone to restrict as far as possible any 
attack on the clay minerals at this stage in 
the procedure. Some tests were made using 
25% hydrochloric instead of acetic acid and 
table 3 shows the results obtained. 

The fraction of the rock soluble in HCl 
was always greater than the acetic soluble 
fraction, particularly in impure limestones 


a +0.04 10.8 117 

—0.03 (5) 9.5 90 

—0.05 13.5 182 

: —0.03 8.1 65 

i +0.03 (5) 9.5 90 

+0.03 8.1 65 

+0.03 8.1 65 

703 
—=10% 

7 

8% 

10% 

11% 

6% 

14% 

16% 
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CHROMIUM 
PALLADIUM 


I. Cr 4254. 
I. Pd. 3481. 


0-014 


CONCENTRATION Cr apm, ——> 


IN Al,O, AND FeQ, MATRICES 


X STANDARDS IN AIO, MATRIX. 
© STANDARDS IN fe,O, MATRIX. 


10 


1000 


Fic. 3a.—The chromium working curve in Al,O; and Fe.O; matrices; illustrating the effect of 
matrix on the intensity ratio of analysis line to internal standard line. Chromium vs. palladium. 


compared to those which are almost pure 
CaCO;. Table 3 shows that the trace ele- 
ment contents in the hydrochloric soluble 
fraction are greater than in the acetic 
soluble fraction but the ratios for different 
elements in one rock are not constant as 
would be expected if the non-detrital frac- 
tion had been more completely removed by 
the stronger acid. Thus, provisionally, the 
higher contents in the hydrochloric soluble 
fraction are attributed to some attack on the 
detrital part of the rock. This interpretation 
is in harmony with the work of Ray, Gault, 
and Dodd (1957), who showed that hydro- 
chloric acid of this strength attacks the lat- 
tice of the clay mineral hectorite and con- 


sequently may well attack other minerals of 
similar crystal structure. 


SOME ILLUSTRATIVE RESULTS 


A selection of results obtained during a 
geochemical study of limestones is pre- 
sented in table 4. From the nature of the 
calculation described earlier the figures 
quoted for the acid soluble (non-detrital) 
fraction refer to the content of trace ele- 
ments present in the total rock which is con- 
tained in this fraction. It is apparent from 
these results that the content of Ni, Co, Cr, 
and V in the acid soluble fraction is fre- 
quently so low that it would be below the de- 
tection limit if the evaporated soluble frac- 
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LEAD 
THALLIUM 


I, Pb. 4057 
3775 


IN AIO, AND FeO, MATRICES. 


X STANDARDS IN AI,O, MATRIX. 
© STANDARDS IN Fe,O, MATRIX. 


CONCENTRATION Pb. ppm. ——> 


10 


100 


Fic. 3b.—The lead working curve in Al,O; and Fe2O; matrices; lead vs. thallium. 


tion was arced directly. The application 
of the precipitation procedure puts values 
in the ashed concentrate well above detec- 
tion limits and often on to the more reliable 
straight line portion of the working curves. 
The order of concentration from the acid 
soluble fractions is seventy times by the 
technique at present in use in this labora- 
tory. It could be increased if less dilutent 
Al,O; or Fe2O: were used in the preparation 
of arcing mixtures and smaller electrodes 
adopted. 

Determinations of total trace element 
contents of the rocks were made on samples 
heated to 900°C to drive off COs and cor- 
rected for percentage loss in weight on heat- 
ing. The results are also given in table 4. 


Standards used in this stage of the work 
were prepared in a base of heated CaCO; 
(CaO). Since the limestones are not pure 
CaCO; there may be a slight matrix effect 
error on these results but it should not be 
significant. 

No determinations were made of the 
amounts of trace elements present in the 
residues from the acid attack (detrital frac- 
tion) but they can easily be obtained by di- 
rect subtraction of amounts present in the 
acid soluble fraction from those in the total 
rock. The values quoted in table 4 were ob- 
tained in this way. 

Simple calculations give the actual con- 
tents of the different trace elements in the 
non-detrital and detrital fractions (as dis- 
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TABLE 3.—Effect of using HCi instead of acetic acid as extractant 


Percentage increase in weight of ashed precipitate when HCl is the solvent 


41 
106 
13.(5) 


Percentage decrease in the weight of the insoluble residue when HCl is the solvent 


6 
14.(5) 
3 


Trace element determinations using both acetic and hydrochloric acid as solvents, 
determinations in ppm 


Limestone Solvent Ni 


Co Ce V 


JE" -6 Acetic Acid 2.05 


183 


Hydrochloric Acid 2.18 


Acetic Acid 1.03 


-033 


Hydrochloric Acid 2.92 


2828 


Acetic Acid 7.91 


Hydrochloric Acid 9.79 


63 


* Below limit of detection. 


tinct from their contributions to the total 
trace element contents of the rock). The 
results of such calculations are given in 
table 5. From them the ratios of contents of 
given trace elements in the non-detrital 
fraction to their contents in the detrital 
fraction may be determined. These ratios 
are truer representations of the detrital or 
non-detrital character of the elements than 
any that might be computed from the data 
in Table 4. We suggest they should be used 
to express the sedimentary character of an 
element in a given environment. For strict 
non-detrital elements values of these ratios 
should be >1 and for detritals <1. It is 
clear from table 5 that the four elements 
under discussion are essentially detrital in 
the sedimentary environments of the rocks 
studied, though exceptions do occur, for 
example, V in the Carboniferous cement- 
stone from Linhouse Water, Scotland. 

It is immediately apparent that all four 
elements occur in both the acid-soluble 
(non-detrital) and residual (detrital) frac- 
tions and are not found exclusively in one or 
the other. For Co and Cr the detrital contri- 
bution to the total trace element content is 
much greater than the non-detrital for most 
of these rocks; for Ni it is greater in five of 


the eight rocks studied, but not overwhelm- 
ingly so, and in the other three rocks the 
non-detrital contribution is greater than the 
detrital; for V the detrital contribution is 
greater in only three of the eight specimens, 
and only in one, the shaly Dockra Lime- 
stone from Ayrshire is it overwhelmingly so. 
The absolute amounts of such contributions 
will clearly depend on the proportions of the 
two fractions within any given specimen 
and might be expected to vary within a 
single bed or horizon. If, however, ratios of 
contributions of different elements are con- 
sidered they should be independent of such 
variation. Table 4 also lists the ratios of Co 
contributions to those of Ni and Cr contri- 
butions to those of V. The Co/Ni ratio is 
greater in the detrital fraction in every 
case, as is the Cr/V ratio. 

Ni shows a consistent tendency to enter 
the non-detrital fraction preferentially to 
Co so that the Co/Ni ratio in this fraction is 
consistently very low. In seven of the eight 
specimens examined the detrital fraction 
contains more Ni than Co, the usual rela- 
tionship for total Ni and Co contents in 
shales (Rankama and Sahama, 1950; Mohr, 
1955), but the Co/Ni ratio tends to be 
higher than in shales. It is apparent that 
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during the processes of weathering, erosion, 
transportation, and deposition Ni and Co 
differ slightly in their behaviour and some 
separation of the two becomes effective. Be- 
fore such differences in behaviour can be 
fully understood more data must be accu- 
mulated on their effects, and at present the 
technique described here appears a promis- 
ing method for accumulating such data. 

The Cr/V ratio in the non-detrital frac- 
tion is less consistent than Co/Ni though 
there is a tendency for V to enter this frac- 
tion preferentially to Cr in these specimens. 
The detrital fraction contains at least as 
much Cras V in seven of the eight rocks. The 
Cr/V ratios in these fractions of the differ- 
ent specimens are surprisingly constant in 
view of the differences of age and deposi- 
tional environment represented by these 
rocks. It is not intended in this paper to ex- 
plore reasons for such features, but merely 
to draw attention to the type of information 
disclosed by the use of the technique de- 
scribed here. 

Of course, this does not imply that they 
would be necessarily detrital in other sedi- 
mentary environments and further studies 
on other types of sediment from different 
environments are now being made to ascer- 
tain the character of these elements under 


D. M. HIRST AND G. D. NICHOLLS 


other conditions. In the limestones studied 
here the sedimentary characters of the ele- 
ments vary and Co and Cr are more strictly 
detrital than Ni and V. There is some sug- 
gestion in table 5 that the sedimentary 
character of Ni and Co was slightly different 
during the formation of the Mesozoic rocks 
from what it was during the formation of the 
Lower Palaeozoic. If this should be sub- 
stantiated by the accumulation of further 
data it will raise interesting questions con- 
cerning the nature of weathering, transpor- 
tation and deposition in the past. 

This paper is concerned principally with a 
technique of geochemical investigations and 
the illustrative results presented are too few 
to permit any conclusions to be drawn. 
They are introduced here to show how the 
data can be used to display the behaviour of 
the chemical elements in the sedimentary 
environment more clearly than do the de- 
terminations of total trace element contents 
of the rock. Our full results will be pub- 


lished in later papers. 
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“SIZE FACTORS,” A MEANS OF ANALYSIS OF DATA 
FROM TEXTURAL STUDIES OF TILL"* 
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Harrisburg, Pennsylvania 


ABSTRACT 


Tills on the Allegheny Plateau in northeastern Ohio and northwestern Pennsylvania can be differ- 
entiated on the basis of percentages of sand, silt, and clay. However, for comparing size analyses of 
tills from very large populations it is convenient to reduce each analysis to a single number. The 
median size is the most useful single number; however, it can be determined only from a detailed 
analysis, which is very time consuming. Plotting the percentage of sand and clay on a rectangular 
graph and dividing the area into numbered narrow “‘zones’’ provides a series of numbers called ‘‘size 
factors’’ which serve the same purpose as median diameters. An approximation to median size is 


obtained by reference to a chart. 


INTRODUCTION 


This paper is concerned with a method of 
graphical representation and analysis of data 
obtained from the mechanical analysis of 
till. The method is one of those to be used 
by our group in reporting work, now ap- 
proaching completion, on the textures of the 
tills of northeastern Ohio and northwestern 
Pennsylvania. 

A study of the composition and texture of 
more than 1000 till samples from the 
Allegheny Plateau in northeastern Ohio and 
northwestern Pennsylvania by means of 
grain size analysis (White and Shepps, 1952; 
Shepps, 1953), heavy minerals, clay mineral- 
ogy (Droste, 1956a; 1956b; Droste and 
Tharin, 1958), pebble counts, microfabrics 
(Sitler and Chapman, 1955), and carbonate 
content has been undertaken at the Uni- 
versity of Illinois by Professor G. W. White 
and his associates with the support of a 
National Science Foundation grant. The co- 
operation of Professor White and Mr. James 
C. Tharin in this study is appreciated. 


THE PROBLEM 


The grain size analysis of a till sample is 
commonly illustrated as a histogram or 
cumulative curve. In order to analyze the 
data more readily the data are reduced to 
statistical values such as the arithmetic 
mean, median, coefficient of sorting, and 
standard deviation; or they may be given as 
sand/clay or other ratios. In an earlier paper 


1 Manuscript received May 15, 1958. 


(Shepps, 1953) information on till texture in 
a part of northeastern Ohio when presented 
as percentages of sand, silt, and clay plotted 
on triangular diagrams clearly showed com- 
parisons and relationships of several till 
sheets. The triangular diagram was success- 
fully used to represent 76 samples, but the 
triangular diagram became cumbersome 
when a group of several hundred samples 
was studied. 

For drawing isopleths and for other re- 
gional studies a means was sought by which 
the results of each analysis could be reduced 
to a single number that would represent an 
accurate statement of the texture of the 
sample. Any single number cannot include 
all of the information in a till analysis, but a 
single number can be selected which, when 
compared with numbers derived from other 
analyses, will enable one to (1) study the 
distribution of texture within a single till 
sheet, to (2) compare till sheets, and to (3) 
determine the reliability of texture as a tool 
for correlation. 


SIZE FACTORS 


All of the available single numbers, such 
as median and mean, were tested to deter- 
mine if they would be acceptable as the 
single number sought. All values except the 
arithmetic mean and the median were dis- 
carded. The arithmetic mean and median 
most nearly characterize the texture of a till 
sample, but mean and median values can 
only be obtained from a detailed mechanical 
analysis of each till sample. The difficulties 
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FREQUENCY DISTRIBUTION OF TEXTURE IN TILLS 
OF TAZEWELL AGE USING SIZE FACTORS 


Fic. 1.—Graph showing size factors. 


inherent in undertaking 1000 complete 
mechanical analyses are great. 

In one part of the study the percentages 
of sand, silt, and clay in 199 samples of 
calcareous till were determined. Complete 
pipette analyses were run for the first fifty 
samples. It was found, however, that the 
percentages of sand, silt, and clay were 
sufficient to characterize the texture of a till 
and that more complete analyses were not 
necessary (Shepps and White, 1952; Shepps, 
1953). The remaining samples were then 
analyzed for sand, silt, and clay content 
alone. The triangular diagram presents sand, 
silt and clay percentages as three variables. 


It is readily possible to reduce the number of 
variables to two by plotting the data on a 
rectangular diagram (figure 1) showing sand 
and clay. The percentage of silt is equal to 
the sum of the percentage of sand and clay 
subtracted from 100. Sand and clay were 
chosen because they show the greatest varia- 
tion. Sand is plotted on the abscissa and clay 
on the ordinate. 

The scatter of points on the graph forms a 
band trending from about 60 percent clay 
on the abscissa to 70 percent sand on the 
ordinate. The samples plotted have been 
taken from till sheets determined from 
stratigraphic and regional tracing to be of 
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four different ages (White, 1953, 1957; 
White, Droste, Sitler and Shepps, 1957). By 
plotting the samples using a different symbol 
for each age (only one age, Tazewell, is dif- 
ferentiated in figure 1), it has been found 
that variation across the band is a variation 
within the separate till sheets only. Varia- 
tion along the band is variation between as 
well as within till sheets. The statistical sort- 
ing value for each sample was plotted at the 
point on the graph for each sample and these 
values contoured. It was found that “‘lines of 
equal sorting” are parallel to the band. This 
means that variation within till sheets 
“across” the band is due to sorting. In the 
same manner, median values when con- 
toured indicate that “‘lines of equal median 
size’’ are approximately perpendicular to 
the band. In this case, variation between 
till sheets, and to some extent variation 
within till sheets, is reflected in variation in 
median size. ‘“‘Lines of equal mean size”’ are 
similarly perpendicular to the band, bat 
show more ‘‘wandering’’ than the median 
lines. The greater ‘“‘wandering”’ of the lines 
of equal mean size reflects the fact that the 
arithmetic mean is influenced more than the 
median by extreme values. 

Because variation across the band is due 
to variation in sorting and because sorting 
is similar with each till sheet, sorting is not a 
factor which distinguishes between till 
sheets and was consequently discarded be- 
cause one of the major objectives of this 
study is to analyze the variation between 
till sheets. The effect of discarding this factor 
is to narrow the band to a line. The texture 
of any sample can be given by stating the 
position of that sample on the line. This 
postion can be given by dividing the line in- 
to a series of numbered classes. The same 
results can be obtained without physically 
projecting the points to a line by drawing a 
series of lines across the graph perpendicular 
to the band. The space between any two of 
the lines represents a size class. In figure 1 
these lines are drawn with a class interval 
chosen to fit the diagram and large enough 
to include a reasonable number of sam- 
ples. The line passing through the origin 
is arbitrarily assigned the value of 20. The 
other lines are assigned consecutive num- 
bers increasing toward 100 percent sand and 
decreasing in the opposite direction. The 
arbitrary numbers will be called ‘‘size fac- 
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tors.”” A sample has a size factor of 9, for 
example, if the dot for that sample on the 
graph (fig. 1) falls on line number 9 or 
anywhere betweeen line number 9 and line 
number 10. Or in a specific case, a sample 
falling between line 9 and line 10 can be 
interpolated as having a value between 9 
and 10, for example, 9.3. 

It is apparent in figure 1 that the larger 
the size factor the coarser the texture; con- 
versely, the smaller the size factor the finer 
the texture. It is assumed that a size factor 
adequately represents the texture of an in- 
dividual sample and thereby constitutes the 
single number which has been sought. Size 
factors can be used to plot a curve of textural 
distribution for the tills of each till sheet. 
Using statistical values derived from such 
curves it is possible to compare till sheets 
and to test the validity of texture as a tool 
for correlation. Using size factors it is 
possible to plot individual samples on a map 
and draw isopleths in order to study the 
variation of texture with geography. 

Size factors have the linear relationship 
to median size shown in figure 2, which is 
based upon the previously published com- 
plete analyses of 50 samples (Shepps, 1953, 
table 2, p. 37).2 The 50 samples and the 199 
samples in this study were picked at random 
from the same till sheets; consequently figure 
2 can be used with the samples presented 
here or with any other group of samples from 
these same till sheets. It is assumed that the 
linear relationship based upon 50 samples 
would change very little if it were based on a 
larger number of samples or on different 
samples from the same tills. Median size 
measurements which have been made in 
terms of size factors can be converted by 
means of the regression line in figure 2 to 
“approximate” median size in millimeters. 


USE OF SIZE FACTORS 


In figure 1 the samples determined in the 
field as Tazewell are shown as circles and all 
other samples as dots. By summing the 
frequency of Tazewell samples in each of the 
size classes, a histogram of sample frequency 
vs. texture (in terms of size factors) was con- 
structed as shown in the upper right of figure 


2In Shepps, 1953, the heading in table 2 
erroneously labeled ‘‘mean”’ should read ‘‘medi- 
an.’ 
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SIZE ( size Facrors ) 


8 


MEDIAN SIZE (mm) 


Fic. 2.—Graph showing relationship between size factors and median size. 


1. This histogram shows that the samples 
from the Tazewell till sheet are approxi- 
mately normally distributed. The arith- 
metic mean of this distribution is 26.3 size 
factors, the median is also 26.3 factors, and 
the standard deviation is 1.15 in terms of 
size factors. The Tazewell till can be seen 
to have an approximate median size of .05 


mm, by reference to figure 2. Similar values 
can be determined for each of the other till 
sheets. Having such values it is possible to 
perform an analysis of variance on the data 
in order to measure and discuss the variation 
within and between till sheets and to test 
the value of texture as a tool for correla- 
tion. 
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CORROSION ZONES: A MODIFIED HYPOTHESIS OF THEIR ORIGIN! 


MALCOLM P. WEISS 
The Ohio State University, Columbus 


ABSTRACT 


New evidence suggests that the formation of corrosion zones takes place by solution in the inter- 
tidal zone, and that they are genetically related to similar surfaces that have undergone abrasion. 
Abraded and corroded diastemic surfaces are viewed as the end-members of a continuous, intergrading 


series. 


INTRODUCTION 


Highly irregular and dove-tailed diastemic 
bedding surfaces in limestone have been 
called corrosion surfaces (Weiss, 1954) be- 
cause of their apparent origin by etching of 
the subjacent bed before the deposition of 
the superjacent bed. Such surfaces occur 
within a certain interval of rock; this inter- 
val, together with mineral and textural ab- 
normalities related to the corroded surface, 
constitutes the corrosion zone. 

Two recent papers (Revelle and Emery, 
1957; Dott, 1958), which contain descrip- 
tions of limestone surfaces similar to corro- 
sion zones, give a clearer understanding of 
the origin of these zones. Certain other ir- 
regular diastemic surfaces, which are con- 
sidered briefly below, help us distinguish 
those kinds that are genetically related to 
ideal corrosion zones from those that are 
only superficially similar. 

Different hypotheses of the development 
of corrosion zones have been stated by 
Weiss (1957, p. 1052) and Prokopovich 
(1955). Although Prokopovich (1955, p. 207, 
211, 213) uses a broader definition of what 
constitutes a corrosion zone, and_ places 
more emphasis on the mechanical aspects of 
their formation, the hypotheses are similar. 
Separately or together, they are reasonable 
explanations of the origin of these peculiar 
sedimentary features, even though it has 
been necessary to invoke special conditions 
to explain the dissolution of limestone by sea 
water. Weiss, especially, has assumed the 
inability of normal sea water to accomplish 
such dissolution, especially of the dense 
varieties of limestone such as are found in 
the Middle Ordovician of Minnesota. That 
masses of reef limestone might be planed off 
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by solvent action, perhaps because of special 
effects at the water’s edge, did not seem to 
be applicable to the etching of broad corro- 
sion-zone surfaces. 


CORROSION SURFACES AND ZONES 
NEWLY RECOGNIZED 


Revelle and Emery (1957) show that nor- 
mal sea water can indeed dissolve limestone 
in the intertidal zone, and how the process 
operates. In so doing they not only resolve 
the long-standing apparent conflict between 
geological and chemical evidence concerning 
such solvent action, but they also illustrate 
limestone surfaces that certainly are corro- 
sion zones in process of development. Etched 
surfaces of limestone on Bikini and Ron- 
gerik (Revelle and Emery, 1957, pl. 225) are 
like the typical dove-tailed corrosion sur- 
faces described by Weiss (1954). To the 
writer’s knowledge, these are the first mod- 
ern surfaces of this type to be reported from 
a marine environment, although similar sur- 
faces of freshwater origin were illustrated by 
Hudson (1910, pl. 17). 

The similarity of figure 4 of Weiss (1954) 
and figure B, plate 225 of Revelle and Emery 
(1957) is unmistakable. Likewise, the hackly 
profiles of the Ordovician surfaces illustrated 
by Weiss compare closely with the textures of 
the surfaces shown in figures A and C of the 
same plate by Revelle and Emery. The sand 
that partly fills the pits shown in their 
figure B is analogous to the carbonate- 
cemented sand and sandy carbonatite that 
lies over the lowest of the three corrosion 
surfaces at the top of the Pecatonica Mem- 
ber of the Platteville Formation (Weiss, 
1954, figs. 1, 2, 3). 

An excellent example of a corrosion zone 
in the middle Sequanian (Upper Jurassic) 
near Bourges, France has been described by 
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Ellenberger (1947, p. 271). A deeply cor- 
roded and perforated bed of lithographic 
limestone is overlain by detrital limestone 
containing broken and worn shell fragments. 
The corroded surface is complexly irregular, 
with a relief of 10-20 cm, and the adjacent 
beds are intimately interlocked. In addition, 
the subjacent bed is irregularly perforated 
by tortuous ragged tubules to a depth of 
more than 70 cm, and the overlying rock 
fills these cavities. Ellenberger does not 
suggest an origin for the tubules, and his 
illustration (fig. 9) gives no distinct clues, but 
there is little doubt that the dove-tailed con- 
tact of the two beds is a characteristic corro- 
sion zone. 


ABRADED SURFACES 


Dott has described some scoured diastems 
that occur in Pennsylvanian limestones of 
eastern Nevada (Dott, 1958, p. 5; pl. 1, fig. 
1). Although they resemble superficially the 
corrosion zones in Minnesota, no real inter- 
locking or dove-tailing of the adjacent strata 
seems to exist. He reports (personal com- 
munication) that the diastems considered in 
his paper have a limited lateral extent, prob- 
ably no more than a few tens of feet, and 
that they show no concentration of pyrite, 
limonite, or carbonaceous material along or 
above the pitted surface. These Pennsylva- 
nian diastems are overlain by very sandy 
limestone, however. Dott concluded that 
these surfaces are the result of mechanical 
erosion. Clearly, they are not the same as 
the corrosion zones of the Ordovician of 
Minnesota, but the elements of similarity 
suggest that the two kinds of features are 
related. 

An apparently similar kind of surface in 
the Lower Cretaceous rocks of the Saléve 
Range near Geneva, Switzerland, has been 
described by Carozzi (1953). The diastemic 
surface is known at only one locality, and is 
only about 60 cm wide, although it has a re- 
lief of 50 cm. The diastem occurs between 
the shelly odlitic Upper Hauterivian lime- 
stone and the poorly bedded marly Lower 
Barremian limestone. This contact has here- 
tofore always been considered transitional, 
but it apparently is not often favorably ex- 
posed. The occurrence described by Carozzi 
is not dove-tailed, but abundant quartz 
sand, cemented poorly by calcite, lies in the 
channel in the diastemic surface. He believes 
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the quartz sand to be of eolian origin, and 
because some of the quartz grains are larger 
than any in nearby older rocks, that they 
come from a distant source. He concludes 
that the diastem gives evidence of emergence 
followed by subaerial erosion. The impor- 
tance of this diastem is that it shows some 
similarity to the corrosion zones described 
earlier by the present writer, whatever its 
regional significance. 


HYPOTHESIS OF INTERTIDAL CORROSION 


A revised working hypothesis for the ori- 
gin of the interlocking surfaces of the Ordo- 
vician corrosion zones is suggested by the 
evidence of Revelle and Emery and of 
abraded diastemic surfaces in limestones: 
that corrosion surfaces are developed by the 
solvent action of sea water in the intertidal 
zone, and that they may grade laterally, 
through corroded and abraded surfaces, to 
abraded surfaces. 

The similarity of corrosion surfaces to 
modern surfaces etched by the sea, the 
freedom from the need to postulate special 
local stagnant acid conditions of the sea 
bottom, and the freedom from dependence 
on concentrations of H.S for a solvent, all 
recommend the intertidal hypothesis. 

In apparent opposition to the hypothesis 
of intertidal corrosion is the fact that sig- 
nificant amounts of pyrite and collophane lie 
on some of the Ordovician corroded surfaces. 
These substances can hardly be thought of 
as having been formed in the well-aerated 
intertidal zone. However, the pyrite may be 
of diagenetic origin, and the polished 
granules and pebbles of collophane may have 
been introduced. The soft reddish flakes of 
collophane (Weiss, 1957, p. 1031) are not 
readily accounted for, but may bean autoch- 
thonous organic residue. 

For characteristic corrosion surfaces to 
have been etched in the zone of wave action 
means that the sediment of the bottom must 
have been moderately well cemented before 
the etching process started. Over large areas 
the Ordovician corrosion zones have fairly 
smooth corroded surfaces, rather than the 
more or less dove-tailed surfaces that are 
considered typical. This fact suggests that 
dove-tailing may have developed either 
where the subjacent rock was indurated or 
where wave action was minimal, and that 
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the smoother parts of the surface were more 
abraded than corroded. This view is in ac- 
cord with that of Prokopovich (1955), who 
noted some evidence of mechanical effects in 
the formation of the corrosion zones of Min- 
nesota. The occurrences reported by Carozzi 
(1953) and Dott (1958) give additional 
weight to the view that chemically corroded 
surfaces are the end members of a series 
which ranges through surfaces of mixed ori- 
gin to those that are more abraded than cor- 
roded. The relative importance of corrosion 
and abrasion of limestones can vary from 
place to place or from time to time, accord- 
ing to special circumstances of the erosional 
environment. This may be true although the 
general condition necessary for the forma- 
tion of broad marine diastemic surfaces on 
limestones remains the same: that is, ex- 
posure of a bedding surface in the intertidal 
zone. 

The gradation from etched hackly sur- 
faces near the high tide mark to smooth 
abraded surfaces near the low tide level, in 
reef limestones off the coast of western 
Australia, recorded by Fairbridge (1948, p. 
26), is instructive. His description suggests 
that corrosion surfaces are forming there, al- 
though one cannot demonstrate a correspond- 
ence between those surfaces and those of 
the Ordovician of Minnesota from his text 
and illustrations. 

The hypothesis of intertidal corrosion 
holds certain implications with respect to 
tectonic conditions and rates of lithification. 
The sea bottom must either have been raised 
into the intertidal zone and subsequently 
lowered again, or there must have been 
eustatic changes of sea level. The near 
parallelism between successive corrosion 
zones, bedding planes, and lithologic bound- 
aries (Weiss, 1957, pl. 5) shows that no 
structural derangement accompanied these 
changes. The period of exposure of the bot- 
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tom in the intertidal zone must have been 


very short (Weiss, 1957, p. 1052). 
SURFACES OF OTHER ORIGINS 


Wells (1944, p. 294) has described local 
occurrences wherein the bone beds of the 
Devonian limestones of central Ohio lie on 
mudcracked surfaces or on scoured surfaces. 
He believes that the mudcracked surfaces 
and the deposits lying directly on them un- 
derwent eolian action. The scoured surfaces 
are attributed to submarine scour above 
wave base, which may have occurred in an 
intertidal zone, of course. Nevertheless, 
these surfaces are nowhere corroded, nor do 
they suggest corrosion zones by their ap- 
pearance. The mudcracked surfaces are not 
in any way related to corrosion zones, and 
the scoured surfaces seem to be instances of 
local submarine scour that are not really 
comparable to intertidal flats in reef lime- 
stone (Fairbridge, 1948, p. 26) or to the 
abraded surfaces in the Ordovician of 
Minnesota. 


SUMMARY 


Although the data now recorded concern- 
ing corrosion zones do not indicate their ori- 
gin with certainty, the fact that similar sur- 
faces can be seen in the process of formation 
today strongly suggests that they originated 
in the intertidal zone. An extension of this 
hypothesis relates the purely corroded sur- 
faces to those that have been partly or 
largely abraded, but makes the term “‘corro- 
sion zone’ somewhat inappropriate for cer- 
tain of these features. Inconsistencies of 
nomenclature will not arise if the term is re- 
stricted to those diastemic surfaces that 
shown some definite evidence of chemical 
formation. The process of intertidal corro- 
sion should be held as a working hypothesis 
in any further investigations of these pecul- 
iar features. 
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ABSTRACT 


Replacement of carbonate ooze containing metastable aragonite and magnesian calcite by mag- 
nesium-bearing solutions during diagenesis possibly occurs in various environments and under varying 
chemical conditions, but it is believed that secondary porosity developed in the calcite-dolomite re- 
placement provides some of the avenues for ionic diffusion and for the escape of carbon dioxide. The 
intergranular film could play an important role in effecting transfer of magnesium ions in, and calcium 
ions out, through the unstable crystalline water meshwork in this film during late diagenesis. : 


INTRODUCTION 


Diagenesis of carbonate ooze leading to 
formation of dolomite involves a series of 
processes possibly operating today under 
conditions of temperature and pressure nor- 
mal to the earth’s surface. These processes 
very likely include biologic, physical, and 
chemical effects concomitant with sedi- 
mentation and during the interval leading 
to induration of the sediment (fig. 1). Ac- 
cording to Strakhov (1953, p. 19), the 
present day formation of dolomite in Lake 
Balkhash has been definitely established. 
Geologists have conflicting theories con- 
cerning secondary dolomitization, whether 
the processes operated only in the past or 
still operate today. This paper advances a 
few ideas—not necessarily new—which bear 
on the problem. 


REALMS OF DIAGENETIC DOLOMITES 


The temptation is strong among geolo- 
gists to subscribe, wholly or in part, to the 
statement that “the present is the key to 
the past” when trying to visualize environ- 
ments of carbonate deposition. While it is 
true that one should not disregard the 
spirit of uniformitarianism, caution should 
be exercised before insisting that only the 
processes which operate today should be 
used to assess conditions in the geologic 
past. Clues are gathered from the study of 
recent marine sediments, and these can be 
judiciously utilized in the light of available 
scientific knowledge. 

Calcium carbonate can accumulate as a 
chemical precipitate, as a clastic aggregate 
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(‘‘glomeroclasts’’), and in numerous other 
forms. Whatever its form, either as a lime 
mud (comparable to drewite) consisting of 
aragonite needles, or as a reef, biostrome, 
fossiliferous-fragmental (‘‘hash’’) bed, a cal- 
carenite, or various associations, CaCO; is 
capable of being replaced. Diagenetic dolo- 
mitization is particularly effective when the 
calcium carbonate is metastable and is in a 
realm conducive to replacement. The en- 
vironmental conditions leading to direct 
precipitation of dolomite from sea water 
have been discussed by Chilingar (1956a). 

Sites of maximum carbonate sedimenta- 
tion today are found in the neritic zone on 
banks and platforms, particularly where 
biologic and physicochemical conditions 
provide optima. Atolls, such as Funafuti, 
and carbonate platforms such as the Bahama 
and Florida types, are also realms in which 
diagenetic dolomitization possibly may oc- 
cur. Mention should also be made of the 
tidal-flat as a site of initial diagenetic trans- 
formation of carbonate ooze. Similar if not 
identical environments may well have char- 
acterized the geologic past, locally at least. 
Studies conducted on the Bahama Bank 
(Newell and Rigby, 1957) suggest various 
possible environments for carbonate dep- 
osition; these may also become sites of sub- 
sequent dolomitization. Teodorovich (1955, 
p. 77) believes that slow, warm bottom cur- 
rents often play an important role in the 
formation of marine replacement dolomites. 
Furthermore, Fairbridge (1957) has out- 
lined many of the problems connected with 
dolomite formation, particularly the mod- 
ern environments of marine magnesium en- 
richment. 
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(CaCO;,Si0,) 


Distribution and Deposition 
of Material in Basin 


in worm 


Genesis of 
Authigenic Minerals 
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Fic. 1.—Zonation of new mineral formations in recent seas and in Cenozoic and Mesozoic Basins 
(after Strakhov, 1953, p. 26). 
I—Progress of mechanical deposition of clastic material; 
II1—Progress of biologic deposition of components; 
I11—Progress of chemical precipitation of components; 

A—turbid zone of fine-grained material, and its carrying out from near-shore zone into more 
central parts of the basin; B—areas of currents usually of circulatory type; C-D—surface 
zone of agitation and wind currents in central parts of basins; E—deep, quiet (with very slight 
movements of water) horizons of pelagic part of basins. Arrows show carrying out of fine 
material from the zone of turbidity to the more central parts of the basin; dashed arrows— 
hypothetical trajectories of particles falling to the bottom. 

1—sands; 2—siltstones; 3—pelites; 4—CaCOs, odlites; 

5—biogenous and chemically precipitated CaCO;; 6—diagenetic CaCO; (bacterial); 7—various 
forms of diagenetic dolomite; _8—Fe2Os;, oxides of Mn, Al,O;; 9—leptochlorites; 

10—glauconite; 11—carbonates of Fe and Mn (in muds without CaCO; or having very small CaCO; 
content); 12—sulfides of Fe, Mn (Cu, etc.) in muds with high CaCO; content; 

13—biogenically formed SiO2; 14—primary and diagenetic phosphorites; 15—minerals forming 
through direct precipitation from water; 16—diagenetic minerals; 

17—partly primary, partly diagenetic minerals. 
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Tikhomirova and Plotnikova, 1957, p. 48.) 


CHEMISTRY OF DIAGENESIS 

Diagenetic dolomites have formed in the 
past. Numerous mottled dolomites are re- 
ported in the literature as cases of “‘arrested 
diagenesis.’’ The geologist enters the realm 
of hypothesis, however, in asserting that 
dolomitization is going on under submarine 
conditions at the present time. At first 
sight this seems paradoxical. It is known, 
for example, that Mg** ions are available 
in solution, and they occur under certain 
conditions in the crystal structure of cal- 
cite in warm sea water. In this metastable 
condition the carbonate is available for 
diagenetic changes. Also, aragonite is me- 
tastable and therefore can change to dolo- 
mite providing the Mgt* ions are available 
during diagenesis. It seems that the pri- 
mary carbonate should be in an environ- 
ment of sufficient alkalinity (2 HCO;- + 
CO;-) to effect dolomitization; in addition 
certain catalysts may be required, possibly 
along with somewhat elevated temperature 
and pressure (yet still in the sedimentary 
realm). Kazakov, Tikhomirova, and Plot- 
nikova (1957, pp. 47-50) obtained dolo- 
mite rhombohedrons (fig. 2) at 150° C after 
90 hours from the following initial solution 
(closed system): CaO—52 mg/l, MgO— 
622 mg/l, CO.—1358 mg/l, alkalinity— 
30.5 mg-equ/l, and pH—7.94. The chemis- 
try of the final equilibrium solution was as 


follows: CaO—28 mg/l, MgO—86 mg/I, 
CO.—412 mg/l, alkalinity—6.1 mg-equ/I, 
and pH—6.66. High alkalinity and low pH 
also prevailed during the precipitation of 
dolomite out of sea water at moderate CO, 
pressure (Chilingar, 1956b, p. 2261). As to 
whether high alkalinity and low pH are 
also necessary for the secondary diagenetic 
dolomitization or not has not been defi- 
nitely established to date. Some dolomite 
forms in Lake Balkhash where the pH of the 
water is equal to 8.1-9.4 (Strakhov, 1953, 
p. 19). 

Geochemical data indicate that at present 
the concentrations of Mg** and Ca*t in 
the ocean are 1297 and 408 ppm, respective- 
ly. Geologists, however, cannot be sure that 
this Mg:Ca ratio of about 3:1 was obtained 
during any or of all, say, the Paleozoic 
(Chilingar, 1956b, p. 2263). Influx of Mgtt 
ions into carbonate muds may occur as a 
result of reduction of the sulfate ion if 
Mg** is combined with SO¢ in sea water. 

According to Strakhov (1956a, p. 19), if 
sulfate present in the mud, having a mois- 
ture content of 75 percent, undergoes com- 
plete reduction, it will give rise to 0.26 per- 
cent sulfur which can form pyrite with avail- 
able iron. Thus, the amount of pyrite in dry 
sediment should be present in an amount of 
about 0.5 percent. Normal content of pyrite 
in clayey marine sediments ranges from a 
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small fraction of one percent to one percent 
(rarely higher). Thus the sulfate ions used 
in the formation of pyrite probably come 
mostly from the initial (connate) water 
trapped in the sediment, and there seems to 
be no appreciable diffusion of sulfate ions 
from the bottom waters into the sediment. 
But together with SO; ions, Mg** and 
Ca** are also trapped in the mud. The 
amount of magnesium can be calculated as 
follows: at the complete reduction of sul- 
fates of interstitial water, for 0.26 percent 
of sulfur there will be 0.13 percent magnesi- 
um (considering that only two-thirds of sul- 
fur is combined with magnesium). This will 
constitute about one-third of the total 
magnesium contained in the interstitial 
water at the time of burial, which is equal 
to 0.4 percent of dry sediment. 

If it is assumed that all of the magnesium 
produced as a result of the reduction of sul- 
fates goes to form dolomite, there should be 
a decrease of magnesium content in the 
interstitial water in the amount of one- 
third as compared to its content in the bot- 
tom water. This differential alone could not 
create a strong influx of magnesium from the 
bottom water into the mud. Thus, deposi- 
tion of 0.13 percent magnesium would give 
rise to only one percent of dolomite (that is, 
one percent on dry-weight basis). In addi- 
tion, the amount of organic matter is so 
low in carbonate muds that it is doubtful 
that any appreciable reduction of sulfates 
could occur here. The depth of water above 
the sediment may be an important factor 
in the speed and completeness with which 
the processes are carried out. 

Another possible reason for the influx of 
magnesium from bottom waters into the 
sediment would be the decomposition of 
organic matter by bacteria with generation 
of CO.. As a result of this process first the 
alkalinity (2 HCO;-+CO;-) would rapidly 
increase and then would decrease with loss 
of CO. from interstitial water of the sedi- 
ment. With increasing alkalinity dolomite 
could reach a saturation value and precipi- 
tate. Removal of Mg*t* in this manner could 
result in its additional influx from bottom 
waters. According to Strakhov (1956a, p. 
20), this also could not create any appreci- 
able influx of Mgt* from bottom waters be- 
cause the amount of organic matter (gener- 
ating CO.) is negligible in the carbonate 
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oozes. The process very likely would give 
rise only to: (1) individual crystals of dolo- 
mite, (2) rare and small spots (mottled 
dolomite), and (3) concretions. Yet, as 
pointed out by Strakhov (1956a, p. 20), av- 
erage dolomitization of spotty metasomatic 
dolomites reaches 30-70 percent and much 
more in some instances. It would appear, 
therefore, that to create such diagenetic 
dolomitization as is envisioned by geologists, 
the above process cannot of itself fulfill the 
requirements. 

Some geologists have suggested that the 
following reaction could explain diagenetic 
dolomitization: 


2CaCO;3 + MgSO; = CaSO, + CaCO;:MgCO; 


Valyashko and others (in Strakhov, 1956a, 
p. 20), however, found that this reaction 
would occur only in waters saturated with 
CaSO . In addition, in interstitial waters the 
SO; ion more or less disappears as a result 
of bacterial activity. Teodorovich (1955, p. 
99) attributes the absence of dolomite in the 
deposits of Kara-Bogaz-Gol Gulf to the 
high content of MgSO: CaCO3;+ MgSO, 
+2H.0 =MgCO;+CaSO,:2H:O, and the 
second stage of the reaction (CaCO; 
+MgCO;=CaCO;: MgCOs) could not take 
place. 

A study of the processes of diagenetic 
dolomitization should involve consideration 
of porosity changes. It is noteworthy that 
the replacement of calcite by dolomite in- 
volves a contraction of about 12-13 per- 
cent (Chilingar and Terry, 1954) if the reac- 
tion proceeds as follows: 2CaCO;+Mgt* 
=CaMg(CO3)2+Cat*. That is, this con- 
traction will occur if there is no additional 
precipitation of dolomite (Mgtt+Cat+ 
+2CO3 =CaMg(COs)e), and there is no 
subsequent compaction. As a result of con- 
traction, certain avenues are opened which 
provide a means of migration of ions and 
escape of CO2. This would seem to apply to 
those ions which are free to migrate in the 
liquid medium of interstitial water. 

Although the findings of Skeats concern 
elevated reefs in the Pacific and Indian 
Oceans (1903) and the Triassic dolomitic 
reefs of the Tyrol (1905), the principles of 
diagenetic dolomitization which he ob- 
served may also apply in slightly different 
environments. In a later paper (1918) in 
which these principles were more clearly 
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stated, Skeats concluded that marine dolo- 
mitization took place in shallow water of 
0-150 feet depth in the presence of abun- 
dant CO, under slightly increased pressure 
and in a porous limestone; the latter per- 
mitted free movement of magnesium-bear- 
ing water. The process proceeded under 
conditions of optima, with sufficient time 
for the reaction to be complete. Slow subsi- 
dence was considered essential. 

Source of magnesium is not always known. 
Fairbridge (1950, p. 385) pointed out that 


“there are . . . three recognized sources of MgCO- 
rich sediments in coral-reef rocks: primary or- 
ganogenic secretion in shallow water; secondary 
inorganic enrichment from sea water, under re- 
ducing conditions below sea level; and secondary 
concentration under sub-aerial conditions. To 
these must be added the intertidal primary pre- 
cipitation of MgCO; from sea water on the reef- 
flat under the specialized conditions of raised 
temperatures and pH (aided by photosynthetic 
production of CO... . ), together with secondary 
enrichment in the same zone by alternate solution 
and reprecipitation.”” 


Ultimate source of magnesium still re- 
mains a matter for conjecture, however. 
Weathering of igneous rocks, whether in the 
sub-aerial or sub-aqueous interface, might 
provide sufficient MgO which, upon union 
with CO, in the proper environment, could 
be introduced into carbonate ooze. Barth 
(1952, p. 71-72) notes that ‘‘magnesia is 
usually encountered in amounts from 0 to 
25 percent; but in dunites it may attain 50 
percent.”” It would be conjectural to com- 
pare the amount of magnesia introduced at 
present time into marine waters with that 
which very likely was introduced in the 
geologic past. Evidence is not directly avail- 
able to ascertain if at times igneous activity, 
particularly effusive in nature, provided 
relatively copious amounts of magnesium- 
bearing solutions to the shallow, warm, 
marine waters. On the tidal-flat and epiner- 
itic zones, areally extensive deposits of 
volcanic ash relatively rich in minerals and 
rock fragments containing magnesia may 
have accumulated. Finely-divided particles, 
in particular, became part of the ooze and, 
attendant upon submarine weathering 
(halmyrolosis) and other physico-chemical 
processes operating in the interface, possibly 
provided additional Mgt ions. 


HAROLD J. BISSELL AND GEORGE V. CHILINGAR 


MECHANISM OF DIAGENESIS 


Up to this point in the discussion, empha- 
sis has been placed upon the possible meth- 
od or methods of introduction of Mg** ions 
into the carbonate ooze. Of equal, if not 
greater, importance in the process of dia- 
genesis is an understanding of the mecha- 
nism of removal of Cat* ions. The writers 
call attention to the studies of Frederickson 
(1951, p. 231-32) relative to mechanism of 
weathering. It is not assumed that identical 
conditions exist during the process of weath- 
ering as in the process of diagenesis, but 
rather that certain analogies are apparent. 
Frederickson visualizes the mechanism of 
weathering as ‘‘a process whereby the hydro- 
gen ions of crystalline water are base ex- 
changed for the sodium ions of albite (which 
is used asa model).”’ Thus, during dolomiti- 
zation in the diagenetic stages, Mgtt ions 
are possibly base-exchanged for Ca** ions 
through the crystalline network adsorbed 
on the unstable carbonate ooze. Now, in 
what manner do magnesium-rich solutions 
gain access to these carbonate sediments? 
Is it mass movement of solution only (such 
as through developed porosity), or by ionic 
diffusion? It could certainly not be a dry 
ionic diffusion (except as measured locally 
in millimeters). Holser (1947, p. 389) states 
that: 


“A number of... authors... have pointed out 
the fact that diffusion through a fluid phase is a 
particularly convenient mechanism of transport 
in replacement, because it easily allows the move- 
ment of matter to the replacing front and away 
from it, within the same volume of fluid, each ion 
moving down its own concentration gradient. 
Furthermore, the precipitation of an ion at the 
replacement front automatically provides the im- 
petus for further supply because removal de- 
creases the concentration of that ion.” 


Is the replacement of limestone by dolo- 
mite during diagenesis a process analogous 
to the replacement of limestone by super- 
gene minerals as tested by Garrels and 
Dreyer (1952)? That is to say, are the reac- 
tions of hydrolyzed, slightly acid solutions 
essentially volume-for-volume with dupli- 
cation of textures? Access of magnesium- 
enriched solutions can be a function of 
secondary permeability (that is, formed in a 
late stage of diagenesis), and may be very 
important in the formation of diagenetic 
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dolomites. Movement outward (that is, in- 
to the magnesium-impoverished areas) from 
secondary openings (secondary porosity) 
most likely is by diffusion, not forced flow. 
Experiments conducted by Duffell (1937), 
and ones by Garrels, Dreyer, and Howland 
(1949) considered this “free diffusion,” 
which is defined as the rate at which a small 
but finite concentration front moves out- 
ward from the reservoir of higher concen- 
tration. The transfer of material is accom- 
plished entirely by relative movement of 
solute and solvent. 

The crux of most of the problem of dia- 
genetic dolomitization is concerned, so the 
present writers believe, with the inter- 
granular spaces connected to the pore 
spaces which are developed during dolomi- 
tization. The porosity developed during the 
change of calcite or metastable aragonite 
to dolomite is probably sufficient to provide 
necessary diffusion centers from which 
concentrations of Mg** ions can migrate 
into and through the adsorbed crystalline 
water surrounding the Catt ions. This po- 
rosity comprises the reservoirs into which the 
solute with solvent can move (such as from 
bottom waters and connate waters) to serve 
as the distributing centers for continuous 
diagenetic dolomitization. 

As the diagenetic replacement by dolomite 
progresses, the impoverishment of inter- 
stitial waters (in the pore spaces and inter- 
granular film) in magnesium content would 
thus enable an additional influx of Mgt* 
ions from bottom waters. Some porosity 
which might result from secondary dolomi- 
tization could furnish additional space. 

Assuming that the above premises are 
correct for present conditions, and possibly 
were much the same in the geologic past, the 
question logically arises: “‘How do the Mg 
ions move to the remainder of the carbonate 
ooze?” Possibly this is accomplished in the 
majority of diagenetic dolomites through 
the intergranular film. This film, long con- 
sidered by many as an important avenue 
through which ions are transferred—in the 
presence of water—during granitization of 
sediments, can suffice as a means of dis- 
tributing the Mg*tt ions through a lime 
ooze. This intergranular film is exceedingly 
thin, and surrounds grain boundaries in a 
somewhat disarranged manner; free motion 
of ions is to be expected. This is of utmost 


importance because rigid limitations are 
not placed on distance of migration of Mgt+ 
ions in, and Cat ions out, relative to the 
porous zones (distributing centers) pre- 
viously developed. Garrels, Dreyer, and 
Howland (1949) have demonstrated the 
importance of directional porosity during 
diffusion of ions through intergranular space 
in limestone under experimental conditions, 
and estimate ‘‘the maximum distance of 
penetration in 1,000,000 years of an active 
concentration front of any ion into any rock 
at 100° C gives a value of approximately 24 
miles.” 

Figure 3 is a schematic diagram illustra- 
tive of the writers’ concept of what rela- 
tionships may exist in and near the inter- 
granular film. 

A complete evaluation of the role played 
by catalysts cannot be given here, but it is 
worthy to note the following systems of 
equilibriums (presented in abbreviated 
form): 


CO: + = Ca(HCO;)2, Mg(HCOs;)2 
in solution 

= CaCO; | , MgCO; | , CaMg(COs)2 | 
precipitate 


The reaction goes to the left in the initial 
stages of diagenesis (due to evolution of 
CO), as a result of the activity of bacteria 
and decomposition of organic matter. As 
aragonite or calcite change to dolomite, 
avenues of increased porosity will enable 
CO, to escape and thus carbonates will 
precipitate. The resultant ooze—a mixture 
of Catt and Mgt ions in an unstable 
crystalline water meshwork—would pos- 
sibly have the optimum conditions condu- 
cive to diagenetic dolomitization. It is not 
necessary that all dolomite forms by re- 
placement during diagenesis; it forms also 
by direct precipitation as the interstitial 
waters become saline and saturated (with 
respect to dolomite). According to Strakhov 
(1956a, p. 18), some dolomite could also 
precipitate during the sedimentation stage 
and later be redistributed during the di- 
agenetic stage, sometimes giving a spotty 
appearance to dolomitic limestones. Some 
dolomite might form from the interaction of 
CaCO; with some MgCQ;salts (probably not 
as MgCO;, however, but as xMgCO; 


| 
| 

| 

| 


HAROLD J. BISSELL AND 


GEORGE V. CHILINGAR 


CALCIT 


Secong 


Ca-Mg Mixture 
in crystalline H,0 
Meshwork 


Solution 


Constrycs ive 


pore 


(being replaced) 


ionic Diffusion 


Ca** ions 


ionic 


Mg** ions in greater concentration in 
spaces 


E 


Front 


Mg* * ions 


Front 


pittusion Front 


According to Strakhov (1956b, p. 199), 
the increased dolomitization due to second- 
ary removal of CaCQOs; (an epigenetic pro- 
cess) does not seem to be important. For 
example, in one cubic decimeter of lime- 
stone with 5 percent dolomitization and sp. 
gr. of 2.7, there would be 13.5 g of dolomite. 
Creation of 10 percent porosity would neces- 
sitate the removal of 27 g of CaCO; from 
each 270 g of rock; and consequently the 
dolomitization of the remaining mass would 


be: 


100 X 
270-27 


In other words, it will increase by a negli- 
gible amount—only 0.5%. Increase of poros- 


= 5.5 percent. 


Bartu, T. F. W., 


Fic. 3.—Highly enlarged view of intergranular film—hypothetical. 
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ity to 20% will give an increment of dolo- 
mitization of 1.2%; to 30%-2.1%; to 40%- 
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secondary removal of CaCO; is frequently 
used to explain increased dolomitization. 
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ABSTRACT 


The term coprolite was found to be defined in many different ways, and this led to a review of the 
pertinent literature on the subject, with special reference to composition, origin, and geological signifi- 
cance of these petrified animal excrements. This review includes 63 references. a 

Coprolites from southern Washington, collected from the bed of Salmon Creek, range from 0.5 to 
10 cm in diameter. Their mineralogical and chemical composition was established by microscopic, 
chemical, X-ray and spectrographic analyses, and found to be almost exclusively siderite with traces 
of limonite. We thus have a perfect example of complete replacement, since the shapes do not leave 


any doubt as to their true animal excrement origin. 


INTRODUCTION 


In preparation for a study of coprolite 
specimens collected in southern Washing- 
ton, a search of the literature on coprolites 
was made. Because no comprehensive treat- 
ment was found in any one reference, a re- 
view of the literature is given as the first 
part of the present paper. 

The results of studies of the specimens 
from Washington are reported and dis- 


cussed in the second part of the paper. 


REVIEW OF THE LITERATURE ON 
COPROLITES 


Definitions of the Term 
“‘Coprolite” 


Webster’s New Collegiate Dictionary de- 
fines the word coprolite as “fossil dung.” Its 
etymology is Greek and comes from the two 
words kopros which means dung, excrement, 
and litos which means stone, rock. In Ger- 
man the term is “‘Koprolith” and in Spanish 
“coprolito.”” Geologically speaking, copro- 
lites are petrified excrements of animals liv- 
ing during the time a rock formation was de- 
posited. The definitions and descriptions 
taken from the literature show some dis- 
crepancies as to the size and nature of prod- 
ucts named coprolites. The following para- 
graphs list some of the more important 
definitions. None of the descriptions found 
in the literature so far report the first use of 
the term coprolite. The oldest references 
found are Dekay’s two papers on coprolites 


1 Manuscript received January 27, 1958. 


of North America, of 1830. 
Grabau and Shimer (1910, p. 828) also 
define coprolites as ‘‘the fossil excrements of 


-animals.”’ 


In Dana-Ford’s Textbook of Mineralogy 
(1932), coprolites are defined as being ‘‘im- 
pure calcium phosphate.’’ No occurrences 
or examples are mentioned and neither is the 
fact stated that coprolites may be silicified 
or carbonatized. The earliest reference on 
silicified coprolites found so far is from 
Dana (1895, p. 785). Dana reported on 
Jurassic Saurian coprolites which are some- 
times silicified. 

The definition and description given by 
Schuchert and Dunbar (1937, p. 10) is very 
general and does not imply any restrictions 
as to the size: ‘Fossil excrement constitutes 
another class of fossils known as coprolites. 
These often contain the scales of fishes and 
other hard parts of animals that have been 
devoured. Wherever associated with skeletal 
remains in such a way that their source can 
be recognized, coprolites are of special 
significance for the light they throw on the 
food and feeding habits of the animal in 
question. For example, the dried dung 
found with fossil groundsloths at two local- 
ities, one in South America and the other 
near El Paso, Texas, gives the only proof we 
have of the type of vegetation preferred by 
that race of extinct monsters.”’ 

Twenhofel (1932) states in his ‘“Treatise 
on Sedimentation” (p. 152): “The excreta 
are mostly in the form of pellets, and these 
seem to be extremely abundant over many 
parts of the sea bottom. Vaughan states 
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that the ellipsoidal bodies described by him 
in 1924 are castings of mud-feeding organ- 
isms and he also thinks that the ellipsoidal 
aggregates described by Thorp as compos- 
ing a considerable part of the ‘‘coprolitic 
mud” are castings of mud-eating organisms” 
(Vaughan, 1924; Thorp, 1931). 

Whereas Pettijohn (1949, p. 161) states 
that ‘‘Coprolites are a relatively uncommon 
constituent of sediments,’ Twenhofel thinks 
that they can be considered a major consti- 
tuent of certain sediments: ‘‘With several 
authorities considering that nearly all 
marine deposits pass through the intestinal 
tracts of organisms and that the major por- 
tions of marine deposits are excretions, and 
it being certain that such action is extensive, 
it follows that the modification of sediments 
by organisms has tremendous significance’’ 
(1932, p. 152). This discrepancy in opinion 
originates mainly from the different way of 
defining the term coprolite. 

On pages 284-285, Twenhofel (1932) men- 
tions, under the heading of calcitic lime- 
stones, another interesting observation on 
coprolites: ‘‘A feature observed in several 
seemingly pure calcitic limestones is the 
presence of ellipsoidal particles of the order 
of magnitude of small oolites. These are 
composed of clay and broken calcite frag- 
ments and are interpreted as coprolitic.” 
No example or reference is given for this 
type of coprolite. In his ‘‘Manual of Geol- 
ogy,” Dana (1895) defines coprolites as 
“isolated excrements in rocks” (p. 73), and 
gives (on the same page) six analyses of non- 
silicified coprolites from four localities. 
They contain mainly calcium phosphate 
and calcium carbonate, some organic ma- 
terial and varying amounts of silica, mag- 
nesium carbonate, iron sesquioxide, alumina, 
water, lime, and sodium chloride. 

Twenhofel aud Shrock (1935, p. 19) 
state: ‘‘The term coprolite or castings has 
been applied to fossil excreta; hence the 
composing material has passed through the 
alimentary tract of some individual. In 
many cases the excreted matter has under- 
gone physical and chemical changes and for 
these reasons stands out conspicuously on 
weathered surfaces. Coprolites may be in the 
form of straplike marking, discrete pellets, 
or an alternating series of markings and 
pellets. Fish coprolites found in the De- 
vonian of New York contained ganoid scales, 
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showing that the animal fed on that par- 
ticular kind of fish’; and, on page 137, 
these authors say: ‘‘Modern sea bottoms 
contain many excremental or fecal pellets. 
Some of these are known to have been 
made by worms. Certain small fossilized 
spherical bodies, referred to as coprolites or 
castings, may have been formed by worms 
in the same manner. In some instances their 
origin seems fairly clear (fig. 43A), but often 
there are no known means of determining 
how they were formed.” 

K. von Biilow (1941) uses the term 
“Koprolithe” only for the excrements of 
saurs: “Als Phosphate werden zu Diinge- 
zwecken ebenfalls die in manchen Gegenden 
und Schichten haufigen Koprolithen gewon- 
nen, das sind die versteinerten Exkremente 
von Sauriern’’ (p. 120). On page 205 (fig. 
272) Biilow pictures three coprolites of 
upper Triassic age, which however, do not 
show very typical shapes. Without men- 
tioning the term coprolite, Williams, Turner 
and Gilbert (1954, p. 348), say that “‘in 
some limestones, for example, the finest- 
grained, darkest portions of the rock are 
ovoid bodies, and the rock is termed pellet 
limestone; thin sections of these are mottled 
by dark, indistinctly bounded oval patches 
in a cement of clearer and slightly coarser 
calcite” (their fig. 122B). ‘‘The ovules may 
represent fecal pellets of organisms that 
lived in the lime muds when they were being 
deposited. They have been called pseudo- 
oolites because they superficially resemble 
oolites except they are structureless.” 

Pettijohn (1949) assigns the term copro- 
lite only to “larger structures (} to 6 in. in 
length)’’ whereas he calls faecal pellets or 
organic excreta “those of simple ovoid form 
and of small size—1 mm or less in length” 
(p. 160). Here is his definition (p. 161): 
“Coprolites, of origin analogous to that of 
faecal pellets, are larger structures (} to 6 
in. in length) and are characterized by light 
to dark-brown or black color, ovoid to 
elongate form, and surface marked by annu- 
lar convolutions. Longitudinal striae or 
grooves are rarely present. The brown vitre- 
ous material of many coprolites is phos- 
phatic—optically isotropic and with refrac- 
tive index near that of cellophane (1.58- 
1.62). Bradley (1946) has shown that the 
coprolites of the Bridger Formation are 
probably a carbonate—apatite (francolite). 
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Coprolites are a relatively uncommon con- 
stituent of sediments.”’ 

Ladd (1957) writes: ‘“‘Coprolites is a gen- 
eral term that includes a variety of nodular 
phosphatic masses believed to be the fossil- 
ized excrement of animals,” (p. 20). 

Thus, some authors make no difference 
between fecal pellets and coprolites whereas 
others call the small fossil excrements tecal 
pellets and the larger excrements copro- 
lites. It does not seem that such a differ- 
entiation has any advantage, since the dif- 
ference is only a gradual one. (The two 
spellings of fecal and faecal are used and 
both are correct. The word originated from 
the Latin term faex, faeces which means 
dregs.) 

Considering such facts as the huge de- 
posits of guano (for example on the Peruvian 
and the Chilean coasts) and the extent of 
saurian coprolites used as fertilizers, copro- 
lites may well be considered a wide-spread 
constituent of sedimentary rocks. Moreover, 
probably the bulk of all phosphate deposits 
was formed by deposition or reworking and 
deposition of animal excrements (and 
bones). Although most of these deposits no 
longer exhibit the shapes of excrements, 
they prove the importance of this type of 
sedimentation. (Brief, up-to-date reviews 
of the phosphate deposits of the world were 
given by Bateman, 1950, p. 174-175, and 
p. 812-818, and P. Niggli, 1952, p. 454- 
458. The U. S. Atomic Energy Commission 
is carrying out extensive studies of the 
Phosphoria Formation in Idaho and other 
western states and has published a number 
of very detailed stratigraphic sections. See 
Geological Survey circulars nos. 260, 262, 


324-327.) 


Geological Significance 


Just like other fossils, coprolites may 
serve as marker-fossils, if they are typical of 
a definite geological horizon. According to 
Shrock (1948, p. 185 and 304) coprolites 
can be used for determination of bottom 
and top of vertical, folded, or turned-over 
sedimentary units. He states (p. 185-186): 
‘Animals that eat the materials of a bottom 
excrete pellets of many kinds known as 
‘coprolites,’ ‘castings,’ ‘fecal pellets,’ etc. 
These excreta, being soft and more or less 
unconsolidated at the time of deposition, 
tend to become cemented to the substratum 
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during consolidation. When they are buried 
the layer covering them has groovelike 
counterparts, and when the contacting 
layers separate, the coprolites adhere to the 
surface on which they came to rest, thus in- 
dicating the top of the sequence.” In his 
figures 146 and 147, Shrock pictures two 
good examples of coprolites which, on 
separation of the strata, adhered to the sur- 
face on which they came to rest. 


Some Occurrences Cited in the 
Literature 


In the natural sciences investigations into 
a virgin field have to begin with an inven- 
tory of facts and observations. It is hoped 
that the following list of references, which 
is such an inventory, will not only illustrate 
the role of coprolites in sedimentary petrol- 
ogy and the occurrence of these fossils in 
time and space, but will also serve as a basis 
for further sedimentological, mineralogical, 
geochemical, and paleontological studies of 
fossil excreta. The chronological listing of in- 
dividual references was preferred to a mere 
tabulation of authors, locations, etc., in 
order to point to some interesting details. 

Nicholson (1889, p. 21) mentions the 
phosphate problem, which consists of the 
interpretation of many phosphatic beds, 
lenses and nodules as “‘products of vital ac- 
tion,”’ essentially as petrified excreta of 
fishes, reptiles, and mammals (true “‘copro- 
lites’). 

Dana (1895) lists the following local- 
ities; Bourdiehouse, Fifeshire, Koschtitz, 
and Oberlangenau. Some authors are men- 
tioned but neither the references nor the 
exact localities are given. On page 567 
Dana mentions coprolites from the upper 
Silurian: “Fishes, containing fragments of 
the shells of the Mollusks and Crinoids on 
which they fed.’’ On page 754 he mentions 
that coprolites from Jurassic crocodilians 
“are common on the shales at Phoenixville, 
Pa.”’ On page 785, dealing with Jurassic 
saurians he says: “‘The Coprolites (fossil ex- 
crement) of the saurians are not uncommon; 
one is represented in figure 1322. They are 
sometimes silicified and, notwithstanding 
their origin, are beautiful objects when 
sliced and polished.” This figure mentioned 
is from Buckland and is very similar to the 
specimen in the upper right of figure 1 of the 
present paper. 
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Merrill (1897, p. 152) gave the following 
definition of coprolites: ‘‘Coprolite nodules 
are likewise the excrements of vertebrate 
animals; those among the Carboniferous 
shales of the basin of the Firth of Forth are 
regarded as accumulated excretions of 
ganoid fishes.” 

Dacque (1928) mentions coprolites as use- 
ful indicators of animal life in certain hori- 
zons and pictures in fig. 20 a worm copro- 
lite. 

Fikentscher, R. (1933) writes about co- 
proporphyrin in crocodile coprolites from 
Eocene lignite of the Geisel Valley, Ger- 
many. 

Bayer, B. (1934) saw coprolites in Paleo- 
zoic sediments near Plzen, Czechoslovakia. 

Cayeux, L. (1936) described coprolites of 
the North African Phosphates. 

Augusta, J. (1936) found a stegocephalian 
coprolite from the Permian of Moravia, 
Czechoslovakia, which he pictures in one 
figure, and fish coprolites from the Cre- 
taceous beds at Kladno (1938). 

Trusheim, F. (1937) from the contents of 
Nothosaurus coprolites, drew conclusions 
on the food of these animals. He found re- 
mains of the ganoid fish Gyrolepis albertii, 
found in the spinosa beds of the Muschel- 
kalk Formation (Triassic) of the Wiirzburg 
region, Germany. 

Wetzel, W. (1937) describes coprolite ad- 
mixtures in marine sediments, chiefly Ter- 
tiary, and their effect on the constitution of 
the sediments, particularly in the formation 
of glauconite and phosphates. 

Firtion, F. (1938) describes coprolites from 
the lower Liassic of Alsace-Lorraine, France. 

Rogers (1938; ref. Ladd, 1957, p. 21) 
found pellets excreted by termites in fossil 
wood in the Pliocene of Santa Barbara 
County, California. Both the wood and the 
pellets, which partly fill irregular areas 
where the cell structure of the wood is ab- 
sent, are opalized. 

Richter, R. and E. (1939) found copro- 
lites in the Ordovician of the Rhine region 
and Bohemia which may prove to be of use 
as an index fossil. 

Takahashi, J.-I. (1939) concluded in his 
synopsis on glauconitization that glauconite 
may also originate from fecal pellets, and 
that the presence of organic matter seems 
to facilitate glauconitization. 

Bjgrlykke (1941) defines coprolites in his 
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note on phosphorite. On page 211 he men- 
tions Ichthyosaurus and Plesiosaurus copro- 
lites. 

Beyer, K. (1941) found coprolites (Toma- 
culum problematicum) in the Ordovician in 
three localities of the Ebbe anticline, Sauer- 
land, Germany, which are index fossils for 
the upper Llanvirn and, in some cases, the 
lowermost Llandeilo of Sauerland. The same 
author found (1944) some new Ordovician 
Tomacula problematica in Sauerland. 

Wagenbreth, O. (1942) found coprolites in 
nodular dolomites considered equivalent to 
the Kupferschiefer (Permian). 

Brown and Salter (Wetmore, 1943, Ladd, 
1957) recovered a coprolite containing the 
impressions of numerous feathers. This cop- 
rolite which was probably from a large fish 
or crocodile, occurred in the marine Miocene 
beds of Maryland. 

Bradley, W. H. (1946) described some re- 
markably well preserved mammalian and 
reptilian coprolites from the Eocene Bridger 
Formation of Wyoming and indicates their 
siliceous composition and well preserved 
micro-organisms. The feces fell on dry 
ground and were soon covered by volcanic 
ash, which yielded the siliceous waters 
responsible for the silification. 

Parejas (1948) described three new species 
of coprolites from Jurassic and Oligocene 
localities in France and Turkey, closely re- 
sembling the fecal pellets of living thalas- 
sinids. 

Shrock mentions (1948, p. 187 and p. 
305) the Triassic Rhaetic bone beds of Eng- 
land, the thinly laminated Kokomo Lime- 
stone of Indiana, and the Green River 
Shale of the Western United States. 

Visse (1950) found no significant differ- 
ence betweeen the analyses of the coprolite 
fraction and the pseudo-oolitic fraction of 
Eocene phosphate beds of Algeria. 

Donze (1950) made the interesting ob- 
servation that, although crustacean fossils 
are rare in upper Jurassic deposits of the 
Princes and Chambotte Mountains in the 
Savoien Jura, France, crustacean copro- 
lites occur abundantly. 

Hutchinson (1950, p. 458; ref. Ladd, 1957, 
p- 21) “reviewed described occurrences of 
the fossilized dung of the cave hyena in Eng- 
land and on the Continent. In one of the 
continental occurrences the hyena droppings 
formed two definite layers between two 


| 
2 
| 
| 
| 
| 
| | 
| 
| 


502 G. C. AMSTUTZ 


human occupation levels.” 

Rankama and Sahama (1950) call their 
seventh geochemical subdivision ‘‘copro- 
lites or biolites.” 

Dietrich (1951) described excrements, 
probably of some carnivorous mammal, and 
indicated that the shapes and the phosphate 
content distinguishes these definitely from 
concretions. 

Brotzen (1951) determined phosphoritic 
concretions in Mesozoic and younger sedi- 
ments to be annelid coprolites. 

Mayer (1952) creates two new coprolite 
species for wormtube fillings consistently 
largely of fecal pellets. 

Bonorino and Terrugi (1952) give Spanish 
definitions of the words “coprogeno” and 
“coprolito,” without referring to the alterna- 
tive term, fecal pellets. 

Moret (1953, p. 8) mentions coprolites, 
“‘dejections,”’ as one of the fossil signs of ani- 
mals, 

Willcox (1953) gave a description and 
discussion of the possible origin of six types 
of coprolites found in upper Cretaceous 
phosphatic chalks of four localities in South- 
east England. 

Cuvillier (1954) cites coprolites from 
Mesozoic beds in France and North Africa. 

Abelson (1957) presented an account on 
organic constituents of fossils and referred 
on p. 87 to Fikentscher’s (1933) description 
of porphyrin from coprolites of Eocene 
crocodiles. 

Kornicker and Purdy (1957) give a brief 
account of Bahamian coprolites, with one 
excellent microphotograph. 

As can be seen from these references which 
represent, of course, only the beginning of a 
bibliography on coprolites, these petrified 
animal excrements are known from many 
localites as well as from the Paleozoic, 
Mesozoic, and Tertiary. 
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Occurrence 

The coprolites described in this paper 
were found in the bed and on the bank of 
Salmon Creek in Lewis County, Washing- 
ton, U.S.A., a few miles south of Toledo. 
This creek is a tributary to the Cowlitz 
River, which in turn flows into the Columbia 
River. The rocks traversed by Salmon Creek 
include basaltic and andesitic flows and 
shaly and sandy sediments of Tertiary to 


Recent age. The coprolites in the locality 
studied are fairly abundant. In a place only 
a few hundred yards from where Highway 
99 crosses the river, more than fifty copro- 
lites were found in an area of about 200 
square yards. 


Description 


The size of the coprolites ranges from 0.5 
to 10 cm in diameter. The shapes are varied. 
Many coprolites do not show shapes which, 
at a first glance, tell their excrementary na- 
ture. They could be taken for a common 
pebble of some dark brownish rock. Their 
hardness and usually also their pitted, 
slightly undulatory surface reveals, however, 
their true nature. Many specimens are 
clearly dung-shaped and leave no doubt as to 
their origin. The most typical ones have 


been selected and photographed (fig. 1). 
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Fic. 1.—Four of from 
Salmon Creek, southern Washington. Colors: 
Dark brown to reddish brown; in grooves often 
brownish-yellowish ‘‘clay-color. ” Note the stria- 
tions and congestions. Scale is in cm. 
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The color is usually dark brown and, if it 
were not for the hardness, they could be 
taken for true excrements. 

Under the microscope the same observa- 
tions could be gained from all four thin sec- 
tions prepared. They reveal a fine grained 
mosaic of generally isometric, colorless or 
limonite-colored, anisotropic crystals. The 
refractive index is clearly higher than that 
of Canada-balsam. The largest crystals are 
with one exception (see later) only 15 
microns in diameter. The average diameter 
is, however, 5-10 microns. There are no 
crystal forms visible with exception of a few 
crystals exhibiting rhombic cleavage. The 
over-all structure of the mosaic displayed in 
the thin section is very similar to the mosaic 
formed by the periclase crystals in magnesite 
bricks. 

The limonitic pigmentation is arranged in 
the following way: in all four sections a dark 
brownish-reddish crust is present. In one 
spot of a dark sample a group of large 
crystals, 30-40 microns in diameter, was ob- 
served just inside this crust. In the interior, 
two samples have an even distribution of 


limonite. About 90 percent of the mosaic 


crystals contain limonite pigment and only 
about 10 percent are more or less free. The 
two other samples reveal in their interior 
portions a fine, mostly loose, and pseudo- 


fluidal network of limonite streaks or 
clouds (partly intergranular skins). 

With HCI 1:10 no reaction was observed 
on any of the four samples. With HCI conc., 
however, the three samples showing whitish- 
yellowish-green spots exhibited slight effer- 
vescence, producing a honey-yellow solution. 

A study of a powder sample revealed that 
the bulk of the material is siderite, to a great 
extent pigmented by limonite inclusions or 
limonite films on the surface. On clear grains 
the refractive index of 1.65-1.88, and a bi- 
refrigence of 0.2 could be determined. There 
are also present a few fibrous crystals of 
chalcedony (N =1.53-1.54, fibers elongated 
normal to C) which may vary in structure in 
such a way as to cause extinction angles of 
about 45°. There are other minerals present, 
but only in small traces which do not allow a 
safe determination. The over-all hardness of 
the specimen varies between 5 and 7 
(Mohs). 

According to the observations in thin sec- 
tions, on ground samples, and in a polished 
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section, both a@- and y-limonites occur in 
these coprolites. The a-limonite (Nadel- 
eisenerz Samtblende), HFeOx, in which H is 
present as cation, shows yellowish-brownish 
color and forms 99 percent of the limonite 
present. On the polished surface it has low 
reflectivity. The y -limonite (Rubinglimmer) 
(FeO(OH), shows up in very few particles of 
the ground sample, exhibiting the typical 
ruby-red colors. 

The polished section shows a marked 
zoning. The rim of the specimen consists of 
about 80 percent siderite grains in a matrix 
of limonite, whereas the center consists of 
about 90-95 percent siderite surrounded by 
intergranular films of limonite. In a few 
places where the siderite crystals are rather 
large they exhibit good idiomorphic cross- 
sections. In the border zone the siderite has 
dark brown colors (from the reflection of the 
surrounding limonite) whereas in the central 
portion the coloring is only slight (yellowish- 
light brown tinges). 

The limonitic matrix of the outer zone is 
crossed by streaks or veinlets of a mineral 
with higher reflectivity (15-25 degrees). 
Some of this material (with reddish-brown 
interior reflections) may be lepidokrokite 
(y-limonite, Rubinglimmer), some may be 
hematite (strong reddish reflections). A few 
very small grains of pyrite (S—10 micron diam- 
eter) are scattered throughout the crust 
and some fairly large spots (50-100 micron 
diameter) of pyrite or marcasite are present 
in the central portion (these are difficult- 
polishing, and probably are of colloidal ori- 
gin). Other very small and scarce grains are 
probably magnetite and one grain is 
chalcopyrite (10 micron diameter). Some or 
all of these sulfides may have been picked up 
from the lead lap during polishing. 


X-ray Mixture Analysis of Two Copro- 
lite Samples 


Two samples of coprolite were analyzed 
by the X-ray mixture analysis of powdered 
material (see fig. 3). Sample no. 1 is a dark 
reddish-brown portion of a typical border 
zone, cut from the outermost left corner of 
the upper left sample pictured in figure 2. 
Sample no. 2 is a whitish-green central 
portion with only traces (about 5 percent) of 
reddish material. It was cut out of the cen- 
ter of the sample pictured in the lower left 
of figure 2. 
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Fic. 2.—Macro-section through four specimens of coprolite from Salmon Creek. Most of these 
coprolites exhibit a definite zoning produced by a difference in limonite-hematite content. The colors 
are as follows: dark grey (outer zones) =dark reddish-brown. Lighter grey (intermediate zones) =light 
reddish-brown. Whitish, mottled interior portions =greenish-grey. The outside is often covered by 
a yellowish-reddish (soft, clay) or a grey (hard) thin crust. (0.01-0.5 mm) 


Fic. 3a. (upper part).—X-ray powder photograph of a typical border zone of a coprolite- pictured 
in figure 2 (outermost left corner of the upper left sample). It shows only strong lines of siderite with 
very slight bands of a-limonite. 

Fic. 3b. (lower part).—X-ray powder photograph of a whitish-grey central portion with only 
traces of reddish material. (Center of the sample pictured in fig. 2, lower left.) This photograph shows 
only siderite lines. Both of these X-ray power photographs were taken with Cr-K-radiation, using the 
Debye-Scherrer method and a camera with 114 mm diameter. 
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A test of six specimens with the Geiger 
counter was negative. The number of kicks 
did not go above background intensity (as 
far as was noticeable by ear phone). A test 
with ultraviolet light was negative also. 


Spectrographic Analysis 


The spectrographic analysis was made on 
two portions of the same sample (fig. 2, 
lower left). The first portion consists of the 
dark brown rim, and the second portion was 
cut out of the center and contains 92-95 per- 
cent whitish-grayish-green and only 5-8 per- 
cent reddish material which could not be 
separated from the light portions. 

A magnetic test with a small hand magnet 
removed only one particle (out of at least 
1000) from the medium-grained crushed 
reddish-brown crust and only a few from 
the light center portion. It is believed that 
these very small grains reacting to magnet- 
ism are partly iron splinters from the crusher 
and hammer and, in the center portion, they 
partly may be traces of magnetite. The re- 
sults of the semiquantitative spectrographic 
analysis are: 

Major constituents (probably over é 
e 

As, Si 

€u,€a 


Minor conséiquents (probably 1-10%): 
Strong traces (probably .1-1.0%): 
Weak traces (probably 0.01-0.1%): 
Very weak traces (probably less than 
1%): Sb, Pb 


The Origin of the Washington Coprolites 


An interesting note on the occurrence and 
origin of Washington coprolites from the 
same locality was published by D. M. Major 
in 1939. Major pictures 17 specimens. Ac- 
cording to him they may also consist of 
“oxides of iron, hematite and limonite, plus 
an infiltration of silica.’ He found ‘‘that 
associated with the ‘coprolites’ of Lewis 
County is the mineral vivianite, an iron 
phosphate found in rather large amounts, 
but not as plentiful as the rope-like masses.”’ 
This raises the question whether the car- 
bonatized coprolites consisted, previously, of 
calcium phosphate, a common constituent of 
coprolites. ‘“‘Tests made by the United 
States National Museum,’’ Major reports, 
found that the Washington coprolites ‘‘con- 
sist largely of an iron mineral—siderite.” 

With reference to the origin, the only pub- 
lished account I found is again in Major’s 
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popular article: ‘In the October 1935 issue 
of The Mineralogist Magazine, H. C. Dake 
suggested the theory that the Lewis County 
‘coprolites’ were of stalactitic origin. Dake 
accounted for the peculiar twistings of the 
stalactites (?) on the basis of changing air 
currents through the caverns in which the 
‘coprolites’ may have had their origin.” 

Major rejects the ‘‘animal theory” and 
proposes a ‘fossil theory.’’ Despite a keen 
eye for details he did not see the possibility 
that a “fossil animal theory” might be an- 
other possibility. He writes: ‘‘Practically 
every specimen found in the Salmon Creek 
area has a somewhat flat base, perhaps the 
point at which it was attached to something 
else. This and the general form of the speci- 
mens suggests a coral or a Bryozoan sea 
moss.... Each in dying left its minute 
skeleton and upon it others built a reniform 
aggregation of lime. As time went on the 
little colony broke from the reef and became 
buried in the decaying vegetation of a 
tropical swamp. In the swamp percolating 
solutions and iron depositing bacteria came 
into action to remove the calcite and replace 
it with iron minerals, finally resulting in 
what can be termed fossil pseudomorphs.”’ 

This account by a non-professional is re- 
markably good. Concretionary nature was 
suggested orally even by professionals. As 
mentioned, a careful study of the possibilites 
of origin has been made and special papers 
on concretions and pseudofossils were con- 
sulted; for example, the paper on pseudo- 
fossils by Wolansky (1956). Besides concre- 
tions, gastroliths and otoliths might also be 
mistaken for coprolites. Yet, the following 
criteria make it reasonably definite that we 
are dealing with fossil mammal dung: “I be- 
lieve there is no doubt whatever but that 
some of the specimens, and perhaps most of 
them, are coprolites ...I could detect no 
organic microstructure, or any other kind of 
structure in these thin sections. Neverthe- 
less, Iam convinced from the extraordinary 
fine external form and markings that many 
of these objects are coprolites. All the inter- 
nal structure seems to have been destroyed 
by crystallization of the carbonate.” (W. H. 
Bradley, personal communication, June 25, 
1957.) 

Following is the list of criteria which make 
it most probable, if not certain, that the 
Washington coprolites are of dung origin. 
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Maybe none of them would be entirely con- 
clusive if taken alone; however, together 
they are strong evidence: 


Criteria for excremental nature: 


1. The extrusion forms. There does not 
seem to be any process in geology 
which can produce extrusion shapes of 
this size and form—except excrementa- 
tion. Concretions do not have a fre- 
quently congested curvature on one 
side of the individual segments. These 
congestions appear to be on the side of 
deposition. 

2. A flat base on the side of deposition 
which was already described by Major 

1939). 

3. Striations, typical for extrusion from 
the great gut of mammals. 

4. The constantly limited length or 
quantity, typical for excrements. This 
would be an astonishing, unusual fea- 
ture for concretions, particularly since 
there are no exceptions. 

5. The variation of shape corresponds to 
the variation of “viscosity” as known 
from excrements. 

6. Some forms correspond to the form of 

the great gut of mammals and were 

probably extruded as hard excrements. 


Whether these coprolites from Washing- 
ton should be erected to a new species or not 
has to be decided by a _ paleontologist. 
Coprolites can be more or less petrified. The 
petrification has most probably taken place 
during lithification of the surrounding rock 
unit. The coprolites from Salmon Creek 
were found in situ, contained in the volcanic 
ash or the shaly-sandy sediments (containing 
much volcanic material) occurring in upper 
portions of Salmon Creek, and in the gravel. 

One of the most remarkable features of the 
coprolites described in this paper is, as men- 
tioned, the perfect and complete replace- 
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SETTLING TUBE FOR MECHANICAL ANALYSIS BY DECANTATION! 


N. PROKOPOVICH 
U.S. Bureau of Reclamation, Sacramento, California 


Several types of settling tubes have been 
proposed to assure better separation of sus- 
pended particles by decantation during 
mechanical analyses.2 A new, simple model 
of such a tube was designed by the writer at 
the University of Minnesota in 1954. Sincere 
appreciation is expressed to Dr. G. M. 
Schwartz and Dr. F. M. Swain of the Uni- 
versity of Minnesota for their support of the 
study. Experience obtained since has shown 
that the model works well and does not re- 
quire further changes. 

The apparatus (fig. 1) consists of a pyrex 
glass cylinder about 6 cm in diameter and 17 
cm high with an outlet about 3 cm in diam- 
eter which is located near the bottom of 
the cylinder. A double bent glass tubing is 
passed through a rubber cork which is 
plugged in the outlet. The end of the glass 
tubing located inside of the cylinder is 
shaped as a small funnel. Rubber tubing 
with a clamp is attached on the outside end 
of the glass tubing which is bent in the direc- 
tion opposite to the funnel. 

To calibrate the cylinder the cork in the 
outlet should be turned so that the funnel 
becomes oriented upwards. The cylinder 
should be filled with water and the lower- 
most water level ‘‘zero line’’ should be 
marked after draining the cylinder by open- 
ing the clamp. Three additional marks are 
made at 2.5, 5, and 10 cm above the zero 
mark. During the settling time the funnel 
should be turned upside down by a rotation 
of the cork. This prevents contamination by 


1 Manuscript received July 1, 1958. 
2 See Krumbein, W. C. and Pettijohn, 1 
1938, Manual of sedimentary petrography, D. 
Appleton-Century Company, New York. 


coarse particles directly precipitated into the 
funnel. 

The described tube permits a better sepa- 
ration than does siphoning. By eliminating 
suction currents it avoids the admixture of 
coarser particles from the lower parts of the 
suspension. In addition to its use in routine 
mechanical analyses, the tube was success- 
fully used for decantation of clay particles 
for thermodifferential and X-ray analyses, 
etc. 

The total cost of a single specially made 
apparatus was about $9.00. In a simplified 
model, a piece of plastic tubing closed at the 
bottom with a rubber stopper and with a 
corked opening on the side may be sub- 
stituted for the glass cylinder. 


Fic. 1.—Settling tube for decantation. A— 
Glass cylinder; B—Outlet of the cylinder ‘‘A”’; 
C—Double bent glass tubing; D—Rubber cork; 
E—Funnel shaped end of the tubing mers — 
Rubber tubing with clamp “G,” 
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DISCUSSION 


PROBLEM OF THE ORIGIN OF FINE-GRAINED GYPSUM, “SUPER- 
INDIVIDUALS,” AND SELENITE IN GYPSUM ROCK 


MARCUS I. GOLDMAN 


825 New Hampshire Ave., N. W. 
Washington 7, D. C. 


Little can be gained by carrying further, 
in print, the discussion of most of the differ- 
ences between Ogniben and me (Ogniben, 
1957a and b; Goldman, 1952, 1957). I 
would, however, like to sum up as objec- 
tively as I can the principal issue between 
us. 


DESCRIPTION OF SUPERINDIVIDUALS 


Ogniben defines ‘‘superindividual zones” 
as ‘‘zones with ‘superindividual’ polarization, 
i.e. with slightly differing optical orientation 
of the fragments’ [parts]. He interprets 
them asrupturally deformed parts of selenite 
crystals (Ogniben, 1957a, p. 71, bottom of 
column 1). 

I describe, what I believe is the same 
thing, as ‘“‘vaguely and irregularly bounded 
and complexly interrelated elements’ and 
regard them as representing stages in the 
growth of larger gypsum crystals from 
smaller ones by what I called ‘“‘integration”’ 
(Goldman, 1952, p. 13), and Ogniben would 
call “‘syncrystallization” (Ogniben, 1957b, 
p. 469, bottom of column 1). According to 
Ogniben these superindividuals grade into 
fine-grained mylonitic gypsum and, as I 
understand him, all the fine-grained gyp- 
sum in his Sicilian formations except sedi- 
mentary gypsarenite (Ogniben, 1957a, p. 
67, column 2, paragraph number 2), origi- 
nates by crushing of selenitic or coarse 
crystals of gypsum. 

We may be discussing different materials. 
Ogniben’s description of the gross character 
of his alabastrine gypsum as ‘“‘white’’ and 
“saccharoidal”” (Ogniben, 1957a, p. 73, 
column 1) differentiates it from any cap 
rock gypsum I have seen, and suggests 
crushing. But his figure 8 in his first 1957 
paper (Ogniben, 1957a, p. 72) is so strik- 
ingly like what I have interpreted as a stage 
in the growth of large gypsum crystals from 


smaller ones (Goldman, 1952, p. 13-15) that 
I believe it may safely be regarded as the 
same. His observation, also, that ‘“‘there are 
no definite boundaries between the super- 
individuals.... No fabric analyses have 
been made... because of the continuously 
varying superindividual polarization”’ 
(Ogniben, 1957a, p. 73-74) corresponds 
with mine in the last paragraph on page 13 
of my 1952 report. 

The material illustrated in Ogniben’s 
figure 8 is from his ‘‘alabastrine’’ gypsum. 
The relations illustrated from his selenitic 
gypsum (Ogniben, 1957a, fig. 5, p. 70) are 
different from anything I have seen. I 
therefore exclude them from the following 
discussion. His observation that, in selenitic 
gypsum, ‘“‘the superindividual zones... 
start in the limpid selenite cores with zones 
of slight distortion of the cleavages” (Og- 
niben, 1957a, p. 75, bottom of column 2; ¢f. 
Goldman, 1952, p. 26 and especially pl. 47, 
fig. 3, and pl. 46, figs. 1 and 2) lends support 
to his interpretation of the origin of superin- 
dividuals and fine-grained gypsum by frac- 
ture. His figure 5 may therefore illustrate a 
different phenomenon from that illustrated 
in his figure 8. However, what can be seen 
in figure 5 does not exclude the possibility 
that the selenite crystal in the center grew 
by integration (syncrystallization) of the 
surrounding finer material. 


ABSENCE OF ANHYDRITE IN 
FINE-GRAINED GYPSUM 


As proof that fine-grained gypsum is not, 
as I regard it, an early stage in the forma- 
tion of gypsum from anhydrite, but the 
product of crushing of large gypsum crys- 
tals, Ogniben cites the presence of remnants 
of anhydrite in the coarse gypsum crystals 
and in the superindividuals, but their ab- 
sence in the fine-grained gypsum (Ogniben, 
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1957a and b, passim). He interprets this as 
indicating that large gypsum or selenite 
crystals developed while there were still 
abundant remnants of anhydrite; that, as 
these were broken up and crushed, water 
circulated in the crushed parts, the more 
freely the more they were crushed, gypsify- 
ing the included anhydrite. In the selenitic 
gypsum, and to a lesser extent in superin- 
dividuals on the other hand, the included 
anhydrite was protected by ‘the undam- 
aged gypsum lattice’? (Ogniben, 1957a, 
bottom of column 1). 

Consider specifically the material illus- 
trated in Ogniben’s figure 10 (Ogniben, 
1957a, p. 73). Ogniben says of this figure 
that “‘the fine-grained aggregates must’’ 
[emphasis added] ‘‘be regarded as the... 
more advanced and successive stage of trans- 
formation from anhydrite’ (Ogniben, 
1957b, p. 470, paragraph no. 3). However, 
just the opposite time sequence is possible. 

Assume that, to begin with, all gypsum 
illustrated in that figure was fine-grained 
with remnants of anhydrite disseminated 
through it. Then superindividuals, includ- 
ing disseminated anhydrite, were formed 
from this material by integration, leaving 
patches or zones of fine-grained gypsum be- 
tween them. The lattice of the superin- 
dividuals would then protect the included 
anhydrite against circulating water which 
would, however, dissolve the disseminated 
anhydrite in the fine-grained gypsum. 

This interpretation seems to me pref- 
erable to Ogniben’s which requires the as- 
sumption that the anastomosing zones 
(‘“‘vein-like patches’’) with coarser gypsum, 
which have the pattern of shear zones, are 
not really such, that movement in selenitic 
rock left these vein-like areas relatively 
coarse but produced the lenticular bodies of 
fine-grained gypsum between them by 
crushing the same selenitic rock. (Ogniben, 
1957b, p. 470, per. 3.) 

As I pointed out (1957, p. 197, column 1, 
last paragraph) I explain the fact that the 
gypsum in what I interpret as shear zones is 
coarser grained than that in the lenses they 
surround, by the effect of stress in promot- 
ing crystallization in the shear zones. 

As emphasizing the complexity of the 
problem we are discussing, however, I want 
to point out that the interpretation I am 
suggesting for the relation of superindivid- 
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ual zones and fine-grained anhydrite here, 
does not exclude the possibility that the 
superindividuals, here, are the result of 
crushing. The gypsum in what I regard as 
shear zones may, after crushing by shear, 
have been integrated into well defined 
selenite crystals and have been crushed into 
superindividuals by later movement. 


GYPSIFICATION OF ANHYDRITE 


If presence or absence of anhydrite rem- 
nants can not establish the sequential rela- 
tions of fine and coarse gypsum what other 
evidence is there? 

I have illustrated (Goldman, 1952, pl. 6, 
fig. 2, and p. 11 and 14) small, sharply 
bounded gypsum crystals occupying the 
undeformed ghost of an anhydrite crystal. 
This was taken as evidence that the mass of 
fine-grained gypsum, of which these crystals 
were a part, had developed as such directly 
from anhydrite, and that it was not the 
product of the crushing of coarser gypsum. 


INTEGRATION OF GYPSUM 


To explain the presence of coarse gypsum 
in cap rock (e.g. Goldman, 1952, pl. 7, fig. 1) 
I assumed a process of integration of the 
small crystals into large ones. I here use 
integration as in my earlier paper (Gold- 
man, 1952, p. 11 and 46) to cover the proc- 
ess, however it takes place. It would in- 
clude Ogniben’s ‘‘syncrystallization accord- 
ing to Rieke’s principle’? (Ogniben, 1957a, 
p. 77, column 1, second paragraph). 

Ogniben regards as the product of crush- 
ing, the fine-grained gypsum that I regard 
as the first product of gypsification of anhy- 
drite. He is, however, confronted (Ogniben, 
1957a, p. 76, col. 2, par. 1), as I was (Gold- 
man, 1952, p. 25, ‘Effect of stress on gyp- 
sum”’), with the fact that no gypsum has the 
fine grain, range in grain size, and tattered 
appearance that is to be expected in mylon- 
ized material (Goldman, 1952, Index, p. 166, 
“Gypsum, absence of mylonization in’’), 
and that is found, for instance, in anhydrite 
(cf. Goldman, 1952, pl. 48, fig. 3). I con- 
sidered this indicative of the speed with 
which integration takes place in gypsum. 

Ogniben attempts, in paragraph 5, page 
470, of his 1957b paper, to account for this 
fact and at the same time to repudiate the 
assumption that coarse gypsum develops 
from fine gypsum. He writes: 
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“The absence of ‘Sammelkristallisation 
evidence did not appear as a problem to me. 
‘Sammelkristallisation,’ or ‘syncrystalliza- 
tion,’ should [?] take place in metamorphism 
or in protracted diagenesis, that is, under 
tectonic or load pressure and/or temper- 
ature. This could rarely” [emphasis added], 
“be the case with gypsum since it must 
transform in [to] anhydrite under moderate 
pressure (with escape of water) and tem- 
perature.’ Conditions that might cause 
the exceptions are not indicated. 

This begs the entire question at issue be- 
tween us. Ogniben apparently has in mind 
the conditions under which changes classi- 
fied as metamorphic are generally believed 
to take place in silicate rocks. Conclusions 
about these conditions came from the study 
of silicate rocks. The conditions under which 
similar changes can take place in gypsum- 
anhydrite rock, a soluble rock of great ionic 
mobility (Ogniben, 1957a, p. 76, column 2, 
par. 1; 1957b, p. 470, top of column 2; Gold- 
man, 1952, p. 25, second paragraph, and p. 
26 bottom), must be learned from a study 
of that rock. It is not possible to learn 
whether certain changes have taken place 
by first stating arbitrarily, and half-heart- 
edly at that (note ‘‘rarely” above), without 
any quantitative specifications, the condi- 
tions under which they ‘“‘should” take place. 

I have suggested that because the changes 
in gypsum-anhydrite rock take place under 
less extreme conditions of pressure and 
temperature, knowledge of these changes 
can be useful in understanding metamor- 
phism in general (Goldman, 1952, title page 
and p. v—vi). It does not matter whether 
these changes are classified as metamor- 
phism, prolonged diagenesis, or any other 
process. The issue is ‘‘Did they take place?”’ 

Ogniben’s lack of confidence in what he is 
trying to prove is indicated by his hedging 
not only in using the word “rarely”? but by 
his invoking in the next sentence the very 
“Sammelkristallisation’” he is trying to 
deny. He writes: ‘‘The only ‘Sammelkristal- 
lisation’ observed by me is limited to the 
crystalloblastic shapes of the fine-grained 
gypsum, in the moderate amount which is 
always to be expected in near-surface phe- 
nomena with such a mobile substance as 
gypsum.”’ Apparently his ‘‘crystoblastic 
shapes’”’ covers what I have described as 
“sharply defined crystals, roughly equant 
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and with rectilinear boundaries, some of 
them with reentrants’’ (Goldman, 1952, p. 
11, “Equant unintegrated gypsum” and see 
pl. 6, fig. 1B). 

Thus Ogniben finds himself compelled to 
accept Sammelkristallisation to account for 
the absence of the ragged borders that fine- 
grained gypsum should have if it were the 
product of crushing; but he wants just 
enough to meet that requirement and no 
more. 

By invoking the ready solubility and 
ionic mobility of gypsum in explaining the 
absence of mylonized gypsum, Ogniben 
makes it all the more difficult to accept his 
conclusion that integration stops where he 
would have it stop. 


ORIGIN OF SELENITE IN SICILIAN 
GYPSUM ROCK 


Ogniben derives gypsum rock, other than 
gypsarenites, from anhydrite rock (Ogni- 
ben, 1957a, p. 71, column 2, first paragraph) 
and on this we are entirely in agreement 
(Goldman, 1925, p. 43; 1926, p. 51, and 
fig. 6; 1952, p. 10). He apparently assumes 
that the direct result of this derivation was 
selenite and that ‘“‘superindividuals’’ and 
fine-grained gypsum are the products of 
stress acting on the selenite so derived. 

But if these selenite crystals did not form 
by integration (syncrystallization) of finer 
grained gypsum their origin seems to me to 
present a problem for which Ogniben offers 
no solution. 

I find it difficult to conceive of the direct 
formation of large selenite crystals from a 
mass of randomly oriented anhydrite crys- 
tals. If a growing crystal of gypsum ad- 
vances into such a mass along a fairly solid 
continuous front it is quite conceivable that 
the added gypsum would assume the crys- 
tallographic orientation of the advancing 
gypsum crystal (see, for example, Goldman, 
1952, pl. 14, fig. 5B). But in a mass of fine- 
grained anhydrite, especially if it has been 
stressed, it seems more likely that gypsifica- 
tion would start at several centers with in- 
dependent crystallographic orientation of 
the gypsum at each center. To derive single 
large, selenite crystals from such an as- 
semblage would require some sort of inte- 
gration. 

Previously, in trying to raise the question 
of the origin of the selenite crystals which 
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Ogniben illustrates, and from which he de- 
rives superindividuals and fine-grained ag- 
gragates, I mistakenly formulated the ques- 
tion so as to imply that the selenite crystals 
must be derived by integration from small 
gypsum crystals. For ‘‘Sammelkristallisa- 
tion of the type defined by Rinne’’ (Gold- 
man, 1957, p. 197, col. 2, paragraph 2) I 
should have written “origin of selenite 
crystals” (by any process). 

However, Ogniben’s reply (1957b, p. 
470, col. 2, par. 1), involving the basic differ- 
ence of interpretation between us, is also 
misleading. He writes: ‘‘No stages of grad- 
ing from fine-grained aggregates to large 
clear gypsum crystals were observed for the 
simple reason that this process did not take 
place in Sicilian Upper Miocene gypsum. 
Only the opposite process occurred as is 
illustrated especially by my figures 5 and 6 
(Ogniben, 1957a).”’ So far as I can find any 
evidence in his two papers, all he can say is 
that he does not conceive of the sequential 
relations as being from fine to coarse, only 
the opposite. 

The same criticism applies to an earlier 
statement by Ogniben: ‘‘Since limpid crys- 
tals, superindividuals and fine size ag- 
gregates have been seen” [emphasis added] 
‘as successive stages in the destructive 
sense...” (Ogniben, 1957a, p. 77, col. 2, 
par. 1). 

In both these quotations interpretation 
is confused with observation. The second 
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statement, not derivation of gypsum from 
anhydrite (Ogniben, 1957), p. 470, par. 6) 
is what I had in mind when I wrote “neither 
of us has seen any transformation actually 
take place” (Goldman, 1957, p. 197, col. 2, 
par. 3). The “successive deformational 
[emphasis added] stages’’ are purely an 
interpretation, as is my opposite assump- 
tion that they are stages of growth. The 
process by which the selenite crystals in 
Sicilian gypsum rock originated from anhy- 
drite has not been described or illustrated 
and seems to me to require explanation. 

In relation to that problem Ogniben’s 
statement that ‘Most anhydrite is of the 
type known as ‘regenerated anhydrite’ ” 
(Ogniben, 1957a, p. 67, col. 2, last para- 
graph) may be significant. He has mis- 
takenly stated (Ogniben, 1957b, p. 469, last 
paragraph) that I did not find selenitic gyp- 
sum. Much of the gypsum containing re- 
generated anhydrite that I studied is in 
pure, clear, undeformed crystals (Goldman, 
1952, p. 65, par. 16 and e.g. pl. 54). I have 
mentioned a2 inch X 23 inch piece of core of 
what appears to be a single selenite crystal, 
from a depth of about 1069 feet, closely as- 
sociated with a regenerated specimen (Gold- 
man, 1952, p. 13, seventh paragraph, p. 26, 
top). I have attributed this selenitic gyp- 
sum associated with regenerated anhydrite 
to more complete integration due to greater 
age. 
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DISCUSSION 


“DOLOSTONE” 


A. VATAN 
Institut Francais du Pétrole, Rueil-Malmaison, S, et O., France 


The standardization of sedimentary rock 
nomenclature is becoming a serious and 
pressing matter. Neologisms continue to 
multiply at an alarming rate, and we are 
surely heading for another Tower of Babel. 
Some sort of international agreement is ur- 
gent. 

Many of the newly-coined terms are in- 
appropriate, ambiguous and badly con- 
structed. ‘‘Dolostone’’ is typical. Proposed 
in 1948 by Schrock, it has recently been 
adopted in a major text-book (Dunbar & 
Rodgers 1957). Admittedly there are 
grounds here for inventing a new English 
word, since ‘‘dolomite’’ denotes both min- 
eral and rock. But ‘‘dolostone”’ is quite un- 
acceptable. If the English root “‘stone”’ is 
used then the word should strictly be 
“dolomieustone.”” But this is difficult to 
pronounce. Nor can the regrettable modern 
tendency to incorporate abbreviations into 
new terms excuse the drastic truncation of 
Dolomieu’s name. Surely this mineralogist- 
nobleman, a survivor of the guillotine from 
the Revolution, hardly deserves such a 
fate! Other mineral species, often bearing 
longer patronomic names, are not normally 


decapitated in this brutal fashion. 

But that is not an end to it. Innocents, 
trying to work out the meaning of ‘‘dolo- 
stone” from its etymology, are liable to 
draw some strange conclusions: 

1. There is a small Venetian town called 

“Dolo.” Is this the type locality? 

2. In jurisprudence in the Latin and 
Greek languages the same root means 
“fraud’”’ or ‘‘deceit’’ (Latin dolts, 
Italian and Spanish dolo, Greek dolos). 
English law also employes the same 
form (dolose) with a similar meaning. 
Dolomite-rocks are admittedly often 
deceitful, but this is hardly likely to be 
the meaning intended! 

At the risk of being accused of chauvin- 
ism, I must point out that the terms 
“dolomie’’ for the rock (de Saussure 1792) 
and ‘dolomite’ fer the mineral (Kirwan 
1794) already avoid these difficulties. The 
termination “‘ie’”’ is not often used in Eng- 
lish. But its adoption might well prove ad- 
vantageous. 

I thank Professor P. Allen for translating 
the text of this discussion into English. 
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NOTE 


MODIFICATION OF UNDERWATER SURFACE SEDIMENT LAYERS 
BY SEA MUSSELS (MYTILUS EDULIS)! 


ROBERT L. 


McMASTER 


Narragansett Marine Laboratory, University of Rhode Island, 
Kingston, Rhode [sland 


A study of a field sample collected during 
August 1955 by free-swimming divers re- 
vealed an interesting relationship between 
living sea mussels (Mytilus edulis L.) and the 
bottom sediments. The sample was obtained 
during a project sponsored by the Office of 
Naval Research concerning sedimentary 
processes in southern New England coastal 
waters. It was taken in 37 feet of water on 
the east side of Quicks Hole, a narrow pas- 
sage between Nashawena and Pasque Is- 
lands, in the Elizabeth Island chain off the 
southern coast of Massachusetts. In this 
area, the bottom was found to be generally 
level but the interface was rough due to the 
presence of numerous cobbles, pebbles, and 
shells. High-velocity, semidiurnal, reversing 


tidal currents swept the bottom which, for 
the most part, was composed of gravel, sand, 
and admixtures of these components. Dur- 


ing the period of observation, the bot- 
tom was almost completely covered with 
living mussels except for a few small patches 
of exposed coarse particles. In addition, a 
maximum current of two knots was meas- 
ured two feet above the bottom and the 
current velocity exceeded 1.8 knots for one 
and a half hours continuously. 

Although a mussel-covered sea bottom in 
itself is certainly not unusual, a detailed ex- 
amination of the present bottom sample 
(4X9X4 inches) revealed several signifi- 
cant facts about the shellfish-sediment inter- 
face. At the surface, living mussels which 
measured from 3 to ? inch in length and 
which were probably less than one year old 
(Field, 1922 p. 162) were attached at their 
anterior ends to an underlying, poorly- 
sorted, gravelly sand. Their posterior or 
siphon ends project vertically into the 


! Contribution No. 20 from the Narragansett 
Marine Laboratory. Manuscript received October 


6, 1958 


water mass. As far as could be determined, 
there was no preferred alignment of the 
animals’ body axes with the direction of 
current flow and there was no evidence of 
successive sets overlying one another. How- 
ever, the mode and tenacity of attachment 
to the underlying sediment was of particu- 
lar interest. These animals were not just 
anchored by their secreted byssal threads to 
particles exposed along the bottom surface, 
but apparently many of these tough threads 
had penetrated into the sediment, thus se- 
curing the mussels to various-sized particles 
throughout the upper portion of sediment. 
The tenacity and thoroughness of attach- 
ment to the grains was such that the top 
one inch of sediment constituted a flexible 
mat of tightly-bound, heterogeneous parti- 
cles and could be peeled off intact with its 
mussel cover. 

In order to gain an understanding of this 
phenomenon, it is necessary to review briefly 
several pertinent facts concerning the sea 
mussel’s foot and byssus. (1) The tongue- 
like foot serves as an organ of locomotion 
and, in conjunction with the glands of the 
byssus cavity, it also functions in producing 
the byssal material and attaching threads 
to favorable objects. (2) Vigorous environ- 
mental conditions in the form of stresses 
which the byssus has to withstand probably 
stimulate a more rapid secretion of byssal 
material. Such stimulated growth is capable 
of producing threads of cumbersome lengths 
but the shellfish is able to minimize this by 
releasing the threads at will and starting 
new ones (Field, 1922, p. 161). (3) Appar- 
ently, these animals move along the bottom 
by alternately securing new threads forward 
and casting off old ones behind (William- 
son, 1907). (4) It is possible for a young 
mussel to extend its foot a distance beyond 
its base nearly equal to the length of the 


animal itself (Field, 1922, p. 161). 
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Undoubtedly, the rigorous nature of the 
Quicks Hole environment not only subjects 
the byssus to heavy stress, but the animal 
must also obtain as many anchors as possible 
if it is to survive the effects of bottom cur- 
rent agitation. Each animal must, in order 
to maintain adequate holding power, re- 
peatedly burrow its foot into the loose sedi- 
ment to secure additional anchors through- 
out the range of its foot extension. As a re- 
sult of this process, numerous threads appar- 
ently tie together the grains in the surface 
sediment layers to form a natural mat. 


NOTE 


It is believed that this condition must pro- 
vide an effective protection against sub- 
marine erosion in this local environment. By 
immobilizing the surface sediment grains, 
especially the medium and fine sand sizes, 
against movement due to current velocity or 
turbulence, the bottom surface is effectively 
stabilized. After the mussel bed has died, 
presumably the remaining threads will con- 
tinue to bind the surface sediment layers for 
a period of some duration, perhaps until a 
new set occurs. It would be interesting to 
know how long this condition persists. 
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ANNOUNCEMENTS 


SOCIETY OF ECONOMIC PALEONTOLOGISTS AND MINERALOGISTS 
PERMIAN BASIN SECTION 


PRELIMINARY ANNOUNCEMENT OF ANNUAL MEETING AND FIELD TRIP 
TO BE HELD AT ROSWELL, NEW MEXICO, APRIL 2, 3, 4, 1959 


The annual technical and business meet- 
ings of the Permian Basin Section, Society 
of Economic Paleontologists and Mineral- 
ogists will be held Thursday, April 2, 1959, 
in Roswell, New Mexico. General Chairman 
is M. Russell Stipp, Standard Oil Company 
of Texas, Box 746, Roswell, New Mexico. 
Chairman of the technical program is 


Richard F. Meyer, Humble Oil and Refin- 


ing Company, Box 1287, Roswell, New 
Mexico. 

A field trip in the area of the Sacramento 
Mountains, New Mexico, is planned for 
Friday and Saturday, April 3 and 4, 1959. 
General Chairman is Carl Ulvog, Sunray 
Mid-Continent Oil Company, Wilco Build- 
ing, Midland, Texas. Details of the trip will 
be announced later. 


SOCIETY OF ECONOMIC PALEONTOLOGISTS AND MINERALOGISTS 
SYMPOSIUM, ATLANTIC CITY, 1960 


The Paleontological and Mineralogical Aspects of 
Polar Wandering and Continental Drift 


Just thirty years ago the A.A.P.G. con- 
ducted a symposium on the theory of con- 
tinental drift. This was attended by many 
experts and by supporters of the Wegener 
hypothesis. Although many of our minds 
were then set at rest, developments in the 
past four years necessitate that the subject 
be reconsidered and re-evaluated. Accord- 
ingly, the Executive Committee has planned 


a full day symposium and an evening open 
forum discussion on this subject that should 
create great interest among our members. 

Those interested are invited to contact 
the chairman, Dr. Arthur C. Munyan, Vice 
Chairman, Research Committee, S.E.P.M., 
Sohio Petroleum Company, P. O. Box 
2558, Billings, Montana. 


XXIst INTERNATIONAL GEOLOGICAL CONGRESS 
NORDIC COUNTRIES, AUGUST 1960 
FIRST CIRCULAR 


Copies of the First Circular for the 21st 
IGC may be obtained on request from the 
American Geological Institute, 2101 Constitu- 
tion Avenue, N. W., Washington 25, D. C. 


Names of all persons requesting the First 
Circular will be placed on a list to receive 
travel literature and other pertinent infor- 
mation. 
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ANNOUNCEMENTS 


BIBLIOGRAPHY AND INDEX OF LITERATURE ON URANIUM AND 
THORIUM AND RADIOACTIVE OCCURRENCES 
IN THE UNITED STATES. PARTS 1-5 


The Geological Society of America has 
published as its Special Paper No. 67, 
“Bibliography and Index of Literature on 
Uranium and Thorium and Radioactive 
Occurrences in the United States. Part 5: 
Connecticut, Delaware, Illinois, Indiana, 
Maine, Maryland, Massachusetts, Michi- 
gan, New Hampshire, New Jersey, New 
York, Ohio, Pennsylvania, Rhode Island, 
Vermont, and Wisconsin,” prepared by 
Margaret Cooper of the U. S. Geological 
Survey on behalf of the Division of Raw 
Materials of the U. S. Atomic Energy Com- 
mission, September 1958, 472 pages (paper 
cover), and priced at $6.75 a copy. 

This book contains a section on bibliog- 
raphy (26 pages), a gazetteer for the 
States (38 pages), a geographical index 
(243 pages), and a subject index (165 
pages). Factually it is a key to the literature 
on deposits in which uranium, thorium, and 
radioactive minerals are found in the north- 
eastern United States. For many of the 
States there is also much detailed informa- 
tion in the indexes on the geology and the 
general mineralogy of the pegmatites, coal 
beds, sandstones, shales, beach sands, and 
other formations in which the uranium and 
thorium have been reported. 


Parts 1 to 4 of this bibliography were pre- 
pared by Margaret Cooper in the Division 
of Raw Materials of the U. S. Atomic 
Energy Commission and published in the 
Bulletin of the Society. These sections, 
which also include a bibliography, gazetteer, 
geographical index, and subject index, with 
detailed geological information for each 
area covered, are available as reprints for 
public sale, as follows: 


Part 1: Arizona, Nevada, and New Mexico. Feb- 
ruary 1953, 38 pp. 25 cents 
Part 2: California, Idaho, Montana, Oregon, 
Washington, and Wyoming. October 1953, 
25 cents 


0 pp. 
Part 3: Colorado and Utah. June 1954, 


124 pp. 

Part 4: Arkansas, Iowa, Kansas, Lou- 
isiana, Minnesota, Missouri, Nebras- 
ka, North Dakota, Oklahoma, South 
Dakota, and Texas. March 1955, 70 
pp. 50 cents 


50 cents 


All five parts of the bibliography may be 
purchased from the Geological Society of 
America at the prices indicated above. Re- 
mittance must accompany orders, which 
should be sent to: 

Geologica! Society of America 
419 West 117 Street 
New York 27, New York 
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